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The  report  presented  in  the  following  pages  constitutes  the  efforts 
of  a  group  consisting  of  individuals  with  craining  in  the  various  sci¬ 
entific  disciplines.  Although  major  contributions  to  the  various  sec¬ 
tions  have  been  credited  on  the  previous  page,  ic  should  be  recognized 
that  many  contributions  have  been  made  by  these  individuals  to  chapters 
ocher  than  those  to  which  chey  are  major  contributors.  A  number  of 
individuals  who  have  contributed  to  various  sections  may  have  been 
inadvertently  omitted.  An  attempt  will  be  made  to  rectify  this  omis¬ 
sion  in  che  final  report. 

Due  to  che  time  duration  from  initiation  of  the  contract  to  pre¬ 
paration  of  this  report,  che  mathematical  derivations  in  various  sec¬ 
tions,  particularly  if  Chey  are  original,  should  be  considered  as  not 
being  in  final  form.  Some  of  the  models  developed  for  biological 
systems  will  require  refinement. 
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Note  on  Content 


This  review  of  the  literature  on  biological  effects  of  laser 
radiation  was  submitted  to  the  U.  S.  Air  Force  Missile  Development 
Center,  Air  Force  Systems  Command,  as  part  of  a  management  study.  It 
contains  a  review  of  our  studies  up  to  and  including  1965,  which  were 
supported  by  the  U.  S.  Army  Medical  Research  and  Development  Command. 

In  addition,  it  includes  a  review  of  work  by  others. 

It  is  being  submitted  as  Volume  1  of  the  final  scientific  report 
to  provide  information  concerning  our  research  under  the  contract  to 
1965.  It  should  be  noted  that  this  volume  was  completed  at  that  time. 

Chapter  20,  Hazards  Due  to  Light  Scattering,  was  extensively 
revised  and  corrected  in  subsequent  volumes.  Since  it  is  not  of  major 
significance  in  regard  to  review  of  our  work  to  1965,  the  chapter  was 
not  revised  for  purposes  of  this  report.  A  revised  version,  as  submitted 
in  Part  III  of  the  original  report  in  1966,  is  included  in  the  addendum. 
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FREE  RADICALS  AKD  SLSCTROM  SPIN  RESONANCE  STUDIES 


Several  methods  have  been  used  to  study  free  radicals.  Potentiomecric 
citracion  was  discussed  by  Michaelis  (1,2).  Magnetic  susceptibility  tech¬ 
niques  are  reviewed  by  3rill  (3) .  The  appearance  of  the  radical  can  often 
be  detected  colorimetrically  or  spectroscopically  (2,4). 

Electron  spin  resonance  techniques  are  presently  the  most  common  methods 
of  investigation  (5,6  -  9,11).  The  method  is  based  on  exploitation  of  the 
characteristic  feature  of  the  free  radical:  the  unpaired  valency  electron. 
The  unpaired  valency  electron  has  both  angular  momentum  and  a  magnetic 
moment.  A  free  electron,  itself,  should  give  a  single,  sharp  absorption 
line.  However,  the  unpaired  electron  in  free  radicals  will  be  associated 
with  one  or  more  nuclei.  The  effect  of  these  nuclei  is  to  perturb  the  local 
magnetic  field  in  which  the  electron  moves.  For  example,  the  observed  ef¬ 
fect  of  a  proton  coupled  with  Che  electron  is  to  produce  splitting  of  the 
single  resonance  line;  Wo  protons  will  result  in  a  triplet  spectrum;  a 
nucleus  of  higher  order  in  a  more  complex  spectrum.  Other  factors  modify 
the  spectrum  obtained.  The  nature  of  the  free  radical  consequently  cannot 
be  deduced  from  its  ESR  spectrum  alone. 

Free  radicals  are  normally  present  in  many  types  of  tissue.  They  are 
considered  as  essential  intermediates  in  many  metabolic  pathways  (12,10) 
and  have  been  implicated  in  carcinogenesis  and  aging  (7).  They  occur  during 
a  number  of  enzymatically  catalyzed  reactions  and  are  of  significance  in 
photosynthesis  (13). 

Electron  spin  resonance  signals  have  been  obtained  from  liver,  kidney, 
heart,  lung  and  adrenal  of  several  species  (14).  Although  not  universally 
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valid,  cetabolically  active  tissue  such  as  liver  appears  to  possess  a  higher 
free  radical  content  than  less  netabolically  active  tissue.  A  relationship 
of  free  radical  content  to  citochondral  concentration  has  been  considered. 

The  variation  in  free  radical  concentration  in  the  rat  liver  with  age  has 
been  studied.  Melanin  containing  tissues  yield  an  HSR  signal,  due  to  the 
nelanin.  The  melanin  has  been  considered  as  a  semiconductor  with  bound 
protons  serving  as  electron  traps.  It  has  been  suggested  that  melanin  acts 
as  a  trap  for  otherwise  harmful  free  radicals  produced. 

A  reversible  threefold  increase  in  unpaired  electron  concentration,  on 
irradiation  by  visible  light  of  acuaous  suspensions  of  eye  nalanin,  indicates 
that  melanin  may  be  of  importance  in  the  photoreceptive  processes  although 
noc  specifically  in  image  formations.  Artificial  and  dried  nelanin  did  not 
show  this  effect. 

In  studies  on  heart  muscle  mitochondria  the  definite  oxygen  and  tempera¬ 
ture  sensitive  HSR  signal  observed  is  considered  as  due  to  succinic  dehydro¬ 
genase.  Signals  have  also  been  measured  in  other  f'  voproteir.  enzymes, 
including  dehydro -orotic  dehydrogenase  and  H?NH-cy tc chrome  reductase. 

Free  radicals  are  of  significance  in  photosynthesis.  The  literature  in 
this  field  is  vast,  and  is  reviewed  by  31ois  and  Weaver  in  Photoohvs iologv. 
edited  by  Giese  (13)  .  One  ESR  signal  observed  on  illumination  decays  rapidly 
after  the  light  is  turned  off,  a  second  residual  signal  may  remain  for  minutes 
or  hours.  The  rapid  signal  is  considered  as  associated  with  chlorophyll,  and 
probably  coincides  with  the  primary  process  of  photosynthesis .  The  .origin 
of  the  residual  or  slowly  decaying  signal  is  not  well  defined. 

In  some  cases,  as  in  the  study  of  some  flavoprotein  enzymes,  the  ap- 
oearance  of  an  ESR  signal  does  appear  to  be  correlated  with  the  appearance 
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of  certain  optical  absorptions  that  are  apparently  characteris tic  of  flavin 
free  radicals  (12).  This  has  been  considered  as  due  to  the  fact  that  the 
riboflavin  may  have  accepted  an  electron,  but  is  still  in  close  contact  with 
the  donor  molecule.  Observations  of  this  type  suggest  that  complete  reliance 
should  not  be  placed  on  ESR  studied  for  determination  of  the  presence  of  free 
radicals 

The  purpose  of  the  foregoing  discussion  is  to  indicate  that  numerous 
studies  have  been  carried  out  on  free  radicals,  particularly  using  electron 
spin  techniques.  Elucidation  of  the  presence  of  free  radicals,  their  chara¬ 
cterisation  and  quantitation  required  considerable  study. 

The  studies  by  Derr,  Klein  and  Fine  (15,16)  on  detection  of  free  radi¬ 
cals  by  electron  spin  resonance  following  laser  irradiation  were  carried  out 
to  determine  whether  free  radicals  could  be  produced  on  laser  irradiation. 
Characterisation  of  the  free  radicals  was  left  to  future  investigation. 

An  ESR  signal  was  obtained  in  black  mouse  skin  and  an  enzyme  prepara¬ 
tion,  fibrinolysin,  following  laser  irradiation  at  6943  X.  The  g  value  of 
approximately  2.002  indicated  that  the  signal  was  probably  due  to  the  presence 
of  free  radicals.  The  continued  presence  without  deterioration  of  signal  in 
irradiated  black  skin  warmed  to  room  temperature  for  24  hours ,  would  indicate 
that  the  free  radicals  produced  were  stable  free  radicals.  The  essential 
difference  between  the  white  mouse  skin,  in  which  no  ESR  signal  was  obtained, 
and  black  mouse  skin  is  the  presence  of  melanin  and  a  melanin  precursor 
system.  Consequently,  the  signal  observed  may  have  been  due  to  the  production 
of  free  radicals  in  melanin  (or  in  the  melanin  precursor  system).  Since  all 
tissues  that  contain  melanin  can  yield  an  ESR  signal  (12),  the  undetecta - 
bility  of  free  radicals  in  the  unirradiated  black  mouse  skin  requires  further 
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explanation.  It  may  be  due  to  the  fact  that  the  concentration  of  melanin 
free  radicals  in  unirradiated  black  skin  was  below  the  threshold  detecta¬ 
bility  of  the  ESR  system  used. 

The  actual  frequency  of  the  spectrometer  used  by  Derr  et  al.  appears 

to  have  been  of  the  order  of  30  2-C-cycles  (15).  For  biological  studies, 

this  frequency  nay  prove  preferable  to  the  usual  10  gigacycle  frequency 

unit.  It  nay  have  been  desirable  «.o  provide  more  information  concerning 

the  ESR  spectra  shown  of  the  various  tissues,  such  as  whether  the  figure 

represented  tissue  that  was  warned  previous  to  measurement  or  not.  Further 

characterisation  of  the  free  radicals  produced  is  desirable,  and  comparison 

with  those  observed  on  heating  and  ultraviolet  irradiation  indicated. 

Plucking  of  hair  in  the  black  mouse  skin  previous  to  irradiation  nay  assist 

in  determining  whether  melanin  is  of  significance  in  the  production  of 

the  free  radical.  The  melanin  granules  may  act  as  an  energy  absorption  or 

transfer  agent  with  production  of  free  radicals  in  adjacent  tissue.  If 

seoaration  of  nelanin  from  the  remainder  of  the  tissue  can  be  achieved 
*  / 

with  little  trauma,  this  may  assist  in  determining  the  site  or  production 
of  the  free  radicals. 

Further  studies  on  smaller  molecules  may  assist  in  determining  the 
nature  of  the  free  radical  produced  on  laser  irradiation,  and  possible  the 
site  of  photon  interaction  with  the  molecule.  It  is  possible  that  ESR 
spectra  will  be  obtained  on  laser  irradiation,  whereas  spectra  nay  not  be 
observed  on  low  level  irradiation  at  the  same  wavelength.  This  can  occur 
for  several  reasons.  A  certain  number  of  free  radicals  must  be  present  to 
be  detectable.  If  the  decay  time  is  rapid,  then  high  intensity  radiation 
may  provide  a  number  which  are  detectable,  whereas  low  intensity  radiation 
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would  not  provide  the  sane  concentration.  Two  photon  processes  dependent 
on  intensity  nay  result  in  free  radical  formation,  otherwise  unobservable. 
At  low  radiation  intensity  levels,  the  effects  are  due  to  photon-molecule 
interactions.  At  high  intensity  levels,  the  effects  may  be  due  to  the 
production  of  ultrasonic  or  hypersonic  frequencies,  which  can  result  in 
the  production  of  free  radicals.  Some  free  radicals  nay  be  due  to  locali¬ 
zed  elevation  of  temperature.  The  effect  or  general  elevation  of  tempera¬ 
ture  of  the  medium  can  be  reduced  by  cooling  the  sample  prior  to  and  during 
irradiation. 
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Lasers  in  Spectroscopy 

Two  distinct  spectroscopic  techniques  have  been  used  by  spectroscopists  (1) 
The  high  power  densities  obtained  with  a  focused  Q-switched  laser  are  being 
used  in  emission  spectroscopy  co  vaporize  microscopic  amounts  of  samples  for 
elemental  analysis.  On  the  ocher  hand,  the  intense,  highly  mor.ochromacic 
laser  beam  is  being  employed  as  a  light  source  for  Reman  spectroscopy  to  study 
molecular  structure.  These  two  uses  of  lasers  in  spectroscopic  analysis  have 
been  sucessful  because  of  the  rapid  progress  made  in  laser  technology  to  date. 

The  use  of  the  Laser  Microprobe  in  spectrochemical  analysis  of  the  elements 
is  based  on  the  ability  of  a  laser  Co  vaporize  material  on  which  it  is  focused 
(2, 9). This  was  observed  by  W.S.  Boyle  (3),  who  demonstrated  the  formation  of 
a  luminous  plume  when  a  graphite  target  was  irradiated  with  a  focused  ruby  lase: 
Similar  plumes  have  been  reported  following  the  laser  radiation  of  metals  (4) 
and  biological  systems  (5),  and  many  studies  have  been,  and  are  being  conducted 
on  the  nature  of  this  plume  by  investigators  representing  several  and  varied 
points  of  view  (5,7,8). 

In  1962  3rech  and  Cross  (9)  developed  the  "Laser  Microprobe" ,  one  of  the 
first  practical  laser  applications.  The  instrument  design ea  by  3reeh  et  al. 
used  a  small  ruby  laser  focused  through  a  microscope  witn  a  25x,  0.25  XA 
objective.  A  sample  placed  at  the  focal  point  of  the  laser  .as  -rraciaced, 
the  high  energy  density  vaporizing  a  small  portion  o:  tn<.  unknown  material, 
the  vaporized  material  forming  the  cnaractenstic  plume.  The  plume,  contain¬ 
ing  atomic  gases  of  the  sample,  was  then  further  exc.'ec  by  a  1  to  2  xv  arc 
between  cross  firing  carbon  electrodes  placed  slightly  above  the  sample  (1). 

The  resultant  spectrum  was  recorded  photographically  by  a  spectrograph.  This 
original  microprobe  has  gone  through  several  changes  m  design  and  operational 
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improvements  Including  the  incorporation  of  a  2-3  KYJ,  electro-optically ,  Q- 
switched  laser  (10)  and  more  recently  the  substitution  or  a  10  MW  passive  Q- 
switched  laser.*  the  latter  change  was  accompanied  by  the  substitution  of 
air  spaced  complex  lenses  for  cemented  ones  (11). 

This  system  has  been  used  in  its  various  evolutionary  phases  for  a  number 
of  spectrocheoical  analysis  of  various  tissues  (11,15),  in  addition  to  metal¬ 
lurgical  and  geochemical  studies  (10).  The  first  report  of  tissue  analysis 
with  the  laser  microprobe  unit  was  by  Rosan  et  al.  (12).  This  group  analyzed 
rat  brain  tissue,  sliced  to  100p.  in  a  cryotone,  dried  stained  100u  sections 
of  elastin,  and  cwo  types  of  calculus  with  the  microprobe.  Four  sections  of 
rac  brain  were  analyzed  and  showed  to  contain  various  amounts  of  Mn,  Fe,  Cu, 

2n  and  Ca  (12).  Three  100u  sections  of  pancreas  were  analyzed  after  stain¬ 
ing  and  produced  similar  spectra,  except  the  pancreatic  septum  which  contained 
3e  in  addition  to  the  other  five  elements  (The  Fe  line  and  a  single  faint  Zn 
line  in  pancreatic  acini  is  very  similar  to  that  in  the  background  spectrum). 

A  12'fi  section  of  ligamentum  nucha?  elastin  was  analyzed  and  probably  contained 
Cu,  Ca  and  small  amounts  of  Fe  and  Zn,  while  unsectioned,  unmounted,  unfixed 
pearly  and  hemorrhagic  perioco.ital  calculus  produced  strong  lines  of  Ca,  as 
well  as  lines  of  Cu,  Zn  and  Fe,  attributed  to  blood  by  the  authors  (i2).  No 
attempt  was  oade  to  obtain  quantitative  data;  although,  the  authors  believe 
relative  concentrations  can  be  determined  to  +  20".  The  authors  state  that 
a  crater  size  of  50u  and  10*'  gm.  sample, can  be  obtained.  This  seems  to  be 
a  very  small  diameter  in  view  of  the  results  obtained  by  researchers  working 
with  the  laser  microbeam  (see  Laser  Microbeara  Section  of  chis  report).  Many 
spectral  lines  were,  of  course,  not  analyzed.  Information  concerning  the 
grating  used,  the  spectrograph  speed  and  the  slit  widths  employed  would  have 
been  of  interest.  In  a  later  report  spectrograph  speed  is  given  as  f.  22  (13), 
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in  a  Wadsworth  mount.  Reproducibility  presents  a  problem,  particularly  since 
the  laser  pulse  is  difficult  to  reproduce  (14).  The  advantages  of  this  laser 
spectrograph  over  standard  emission  spectroscopy  for  in  vitro  section^,  parti¬ 
cularly  prepared  sections  requires  further  consideration. 

Rosan,  3rach,  and  Click  (14,15,16)  have  discussed  some  of  the  problems 
encountered  in  the  evolution  of  chis  new  technique  and  possible  solutions  to 
these  problems.  A  commercial  plastic  for  the  sample  holder  is  now  in  use  to 
avoid  contamination  encountered  with  glass  slides  (11).  The  recent  develop¬ 
ment  of  internal  scaadard  nechods  for  quantitative  analysis  of  histologic 
sections  has  been  attempted  (14).  The  method  consists  of  monitoring  the  Ag 
in  Kodak  6»+9-GH  spectrographic  film,  which  has  a  uniform  distribution  of 
Ag  (1.5Z)  in  a  gelatin  macrix  (13).  Sensitivities  of  che  order  of  lO'^M 
(Mg++)  to  10”^M  (CO++)  can  be  obtained.  This  method  was  required  to  measure 
Ca  and  Kg  in  frozen  dried  seccions  of  human  pylorus,  30p  in  thickness  (14). 

However,  the  10Z  co  207.  variance  obtained  for  curves  of  Ca  and  Mg  in  con- 
-7  -1  ? 

centracions  of  10  to  10  K  cr  0.02  meg/1  would  seem  co  indicate  that 
further  development  is  required  before  the  laser  microprobe  can  be  considered 
a  quantitative  tool  (14).  It  is  possible  that  better  quantitative  results  cay 
be  obcained  using  photoelectric  detection,  rather  than  photographic  mechods. 

The  laser  sicroprobe  has  baen  used  for  a  limited  number  of  _in  vivo  spectro- 
chemical  analyses  (14,15).  Rosan,  et  al.  gave  no  indication  what  elements 
were  detected  in  their  studies  (14).  Preliminary  in  vivo  spectrochenical 
studies  by-Fme  and  Klein  on  the  skin  of  normal  intact  black  and  ahite  mice 
and  on  melanomas  in  mice,  indicated  the  presence  of  Fe,  Mg,  Si,  Cu,  Ti,  Ag 
and  Ca  (15).  The  relative  position  of  the  corresponding  carbon  electrodes 
had  to  be  modified  to  obtain  satisfactory  results.  Detection  of  various 
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elenencs  in  vivo  on  a  clinical  basis  is  possible,  but  the  long  term  effects 
of  Q-swicched  laser  radiation  rust  be  considered  before  implementation  of  the 
method  (17). 

The  laser  microprobe  may  be  of  value  in  studies  on  calcified  tissues,  bone 
and  ceech  (13,13).  Since  the  laser  can  volatilize  a  micro  area  (50p  in  dia¬ 
meter  by  25|u  in  depch)  of  bone  or  tooth  without  difficulty  (IS),  determination 
of  inorganic  elements  can  be  carried  out  without  previous  preparation.  Studies 
have  been  initiated  by  Sherman  et  al.  on  the  concentration  of  inorganic  elements 
present  in  various  microregions  of  normal  and  carious  teeth,  of  supragingival 
and  subgingival  calculus,  and  cortical  and  trabecular  bone  (18,1S^20). 

The  comparative  study  of  enamel,  dentin,  carious  dentin,  supragingival 
calculus,  subgingival  calculus,  cervical  cementum  and  apical  cenentua  showed 
both  a  qualitative  and  a  relative  quantitative  difference  in  the  elements  present 
in  the  various  regions  (18,20).  Of  interest  was  the  higher  concentration  of 
?  and  Mg  found  in  carious  dentin  than  in  normal  dentin.  The  findings  of 
relatively  high  concentration  (1-10%)  in  one  sample  of  carious  dentin  and  at 
lower  concentrations  in  all  samples  of  apical  cementum  is  not  well  understood. 
This  was  also  observed  in  in  vivo  spectroscopy  (15).  The  capability  of  analysis 
of  microquantity  samples  of  calculus  which  previously  required  sample  pooling 
was  of  interest.  Zinc  was  present  in  all  subgingival  calculus  analyzed  but 
in  only  !  sample  of  supragingival  calculus.  However,  information  as  to  the  number 
of  samples  analyzed  from  each  area  to  establish  Che  significance  of  these 
findings  would  be  desirable.  Included  in  these  studies  were  analyses  of  the  rat 
mandible,  which  discloses  a  variation  in  the  phosphorus  and  magnesium  ccn- 
caer.cracion  between  cortical  and  trabecular  bone.  Variations  in  the  aluminum 
contanc  of  che  gingiva,  and  in  the  magnesium  and  silica  concentrations  in  the 
osseous  tissues  were  found  during  wound  healing  in  dogs  (18,19,20).  That 
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these  results  ,  obtained  from  specific  samples  arc  representative  of  the 
average  amount  of  the  elements  found  in  the  tissue  requires  further  study. 

Studies  by  Litnwick,  Healy  and  Cohen  (21,22)  on  lOOki  thick,  undecalcified 
cross  sections  of  dog  femur  and  human  costochondral  junction  are  of  interest 
in  evaluating  the  laser  microprobe.  Ca,  P,  Mg,  Al,  Cu,  Si,  Ti,  Zn,  F,  M, 
and  trace  amounts  of  Y  were  detected  (21,22). 

Old  and  new  osteons,  interstitial  lamellae,  hypertrophic  cell  zone  and 
proliferating  cell  zones  of  cartilage  ware  analyzed.  Sixteen  to  thirty  deter¬ 
minations  per  bone  section  were  made  on  the  average,  and  the  data  were  analyzed 
wich  reference  co  ScandhMs  wee  microchemical  analysis  of  Haversian  Systems  for 
phosphorus,  nitrogen,  and  calcium  co  Haumont'  s  analysis  of  bone  for  zinc. 

The  elements  Mg,  Al,  Cu,  Ti,  Y  and  Si  were  consistently  found  in  higher 
concentration  in  young  bone  than  in  old  bone  (21).  The  authors  were  unable 
to  explain  the  absence  of  Pb  or  the  low  concentrations  of  P.  They  considered 
the  high  concentration  of  the  elements  Al,  Si,  Ti,  Cu  and  Zn  in  young  osteons 
as  compared  either  to  old  ones  or  to  interstitial  lair.ellas.  To  be  of  incerest, 
the  authors  indicated  chat  extrace  care  in  handling  the  sample  was  necessary 
to  prevent  contamination,  which  of  course  affects  the  accuracy  of  the  technique. 

These  authors  indicate  that  established  standards  are  necessary  for  cali¬ 
bration,  if  the  technique  is  to  be  considered  quantitative.  Some  of  the  bio¬ 
logical  studies  reported  would  have  benefited  by  further  information  cone  erning 
the  spectrograph  used.  The  problems  associated  with  obtaining  reprccucabie 
Q-switching  require  investigation. 

The  spectra  published  by  Ferguson  and  Nicholls  (23)  indicate  that  a  suf¬ 
ficiently  intense  spectrum  can  be  obtained  from  the  plume  of  a  single 
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Q  witched  pulse,  c  fast,  high  quality  spectrograph,  such  as  a  Hilger  f/4 
is  used  (24).  Spec trochenica 1  analysis,  using  a  Q-switcned  ruby  laser  as 
the  only  source  of  excitation  (without* cross  firing  electrodes)  has  been 
reported.  A  degree  of  reproducibility  high  enough  to  place  laser  excita¬ 
tion  on  a  par  with  A-X  or  D-C  arc  methods  for  quantitative  analysis  were 
obtained.  Ferguson  (2,3,7,25)  and  Howe  (26)  have  observer  a  number  of 
molecular  bands  in  spectra  using  only  laser  excitation. 
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Microscopy  end  Holography 

The  advantages  of  using  monochromatic,  coherent  light  to 
obtain  improved  contrast  in  interference  fringes  in  micro¬ 
scopy  was  proposed  by  Townes  (l).  3ames  (2)  discussed  the  pos¬ 
sibility  of  developing  a  microscope  which  will  allow  one  to  do 
matched  spatial  filtering  in  a  microscopic  system.  References 
given  include  that  of  Vender  Lught  (3-6).  Experiments  were 
performed  by  3arnes  on  phase  microscopic  systems,  using  a  helium 

neon  beam  as  a  source.  Previous  studies  by  Fine  and  Klein  (unpub- 

o 

lished  data),  using  6328  A  illumination  indicated  that  this 
wavelength  appeared  to  be  relatively  unsatisfactory  for  direct 
visualization  in  microscopy  probably  because  of  the  decreased 
sensitivity  of  the  eye  at  this  wavelength.  However,  with  the 
increasing  number  of  wavelengths  available,  possible  improvements 
on  direct  viewing  as  well  as  in  the  photographic  improvement  in 
contrast  d  is  cessed  by  Townes  may  be  obtained. 

Applications  of  Holography 

The  advent  of  laser  beams  possessing  high  temporal  and 
spatial  coherency  has  given  increasing  impetus  to  holography 
studies,  originally  described  by  Gabor  in  19^9  (7).  The  basis 
of  this  "lenseless  photography”  is  the  reproduction  of  a  3 
dimensional  image  of  the  original  object  in  two  steps.  The 
first  stage  is  the  formation  of  an  interference  pattern  on  a 
photographic  film,  due  to  the  interference  of  reflected  (or 
diffracted)  rays  from  an  object,  illuminated  by  a  coherent 
source  with  the  reflected  reference  beam  obtained  from  a  mirror. 

In  the  second  stage,  when  a  coherent  beam  is  passed  through  this 
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photographic  film,  and  observed,  an  image  of  the  6cene  similar 
to  that  viewed  by  binocular  vision  is  observed. 

Magnification  can  be  measured  in  two  ways.  It  can  be 
obtained  by  geometrical  magnification.  A  portion  of  a  fly's  wing 
magnified  by  geometrical  techniques  is  shown  by  Stroke  (10).  A 
second  method  is  by  irradiation  of  the  scene  at  one  wavelength,  and 
then  irradiating  the  interference  pattern  on  the  film  at  a  longer 
wavelength.  In  the  studies  by  Gabor  (7)  a  mercury  vapor  lamp  was 
used  as  a  source,  and  holograms  obtained  at  those  frequencies.  Gabor 
intended  to  use  the  technique  for  improving  the  resolving  power  of 
electron  microscopes.  A  diverging  electron  beam  would  be  used  to  pro¬ 
duce  the  diffraction  pattern  on  the  film.  The  film  would  then  be 
viewed  with  visible  light  resulting  in  magnification.  He  suggested 
its  application  to  X-ray  microscopy.  X-ray  microscopy  has  not  been 
feasible  in  practice  because  of  the  unavailability  of  practical  foc¬ 
using  systems  at  these  wavelengths.  The  systems  proposed  using 
holography  were,  however,  incapable  of  resolving  points  less  than 
10,000  2.,  a.s  two  fringe  patterns  of  the  two  points  are  too  closely 
spaced  for  the  X-ray  plate  to  resolve.  (X-ray  wavelengths  are  of  the 
order  of  1  £.)■  Stroke  and  Falconer  (S,  9)  suggested  that  this  could 
be  overcome  by  deflecting  all  the  waves  diffracted  by  the  object  into 
a  direction  where  they  would  make  a  zero  (or  very  small  angle) with  the 
reference  wave,  and  thus  maintain  separability  of  the  various  waves. 
Techniques  for'  achieving  this  effect,  and  initial  experiments  are  dis¬ 
cussed  by  Stroke  (10).  The  technique  of  holography  applied  in  the  X-ray 
region,  may  permit  three  dimensional,  visualisation  of  maoromolecules, 
such  as  myoglobin,  to  be  achieved  in  much  shorter  time  than  heretofore 
possible. 
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An  excellent,  non-mathematic al  presentation  of  principles  of 
holography  is  given  by  Leith  and  Upatnieks  (ll)»  Further  studies  on 
holography  were  dinoueeed  at  the  Optical  Society  of  America  1965  Spring 
meeting  (12-15).  Since  considerable  energy  density  is  required  for 
suffici-nt  exposure  of  the  photographic  plate,  tine  periods  of  the 
order  of  minutes  are  required  with  present  day  He  lie  lasers.  Holo¬ 
graphy  utilizing  low  power  gas  lasers  are  consequently  of  little  value 
for  motion  studies.  Holograms  made  with  pulsed  lasers  ( 1 1  / may  prove 
of  interest  in  biology. 
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Tissue  Culture  Studies 


Mosc  of  che  investigations  on  effects  of  laser  radiation 


on  tissue  culture  have  been  carried  out  by  Rounds  al^  (1,2,3). 

o  o 

These  studies  were  conducted  at  6943  A,  ac  3471  A  by  frequency 
o 

doubling  6943  A  with  an  ammonium  dihydrogan  phosphate  crystal  and  ac 

o  o 

5300  A  by  frequency  doubling  10,600  A.  Effects  of  both  non-Q- 


switched  and  ^.-switched  irradiation  were  investigated.  Studies  ac 
o 

10,600  A  were  not  reported.  Methods  for  determining  energy  and 
power  require  documentation,  to  the  extent  possible. 


The  importance  of  pigment  and  dyes  is  indicated  by  the  follow¬ 
ing  experiments.  At  25  joules/cm^,  1  millisecond  pulse  duration 
o 

(at  6943  A),  tissue  cultures  of  pigmented  cells  (Negro  skin, 


pigmented  rabbit  retinal  epithelium,  pigmented  mouse  melanoma), 
were  immediately  destroyed,  while  unpigmenced  counterparts  (skin 


from  a  Caucasian  donor,  retinal  epithelium  from  an  albino  rabbit, 


unpigmenced  mouse  f ibroblastoid  elements)  showed  no  morphological 

changes  for  attleast  24  hours  post  irradiation  (1).  In  a  second 

2 

report  (2),  studies  at  1,000  joules/cm  resulted  in  immediate  cellular 


death  of  pigmented  cells,  wichouc  evident  injury  to  non  pigmented 
cells  at  this  energy  level.  Prior  staining  with  a  vital  dye,  Janus 


Green,  increased  che  sensitivity  of  nonpigmenced  cells  to  laser 
injury.  Chick  retinal  epithelium  cells  containing  more  chan  eight 
pigment  granules  were  destroyed,  while  those  with  less  than  eight 


survived. 
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o 

AC  3471  A,  obtained  by  frequency  doubling  from  a  Q-switched 

laser,  cytoplasmic  blebbing  within  ten  minutes,  followed  by  death  . 

within  seventy-two  hours,  occurred  on  exposure  of  unpigmenced  cells 
2 

at  0.2  joules/cm  .  There  was  no  gross  evidence  of  injury  on  irradi- 

o  ,  o 

aelon  at  6943  A  at  0.S  Joules/cm*.  In  these  studies,  at  3471  A,  and 

o 

6943  A,  cellular  absorption  measurements  are  required  to  determine 
the  relative  absorptivity  and  consequently,  the  sensitivity  of  the  cell 
at  the  two  wavelengths.  Since  the  energy  absorption  is  heterogeneous 
throughout  the  cell,  and  probably  differs  in  distribution  as  a  function 
of  wavelength,  the  problem  is  complex. 

Chick  retinal  pigmented  epithelium  cells  were  destroyed  at 

o  o 

5300  A,  frequency  doubled  from  10,600  A.  The  energy  and  power 

levels  associated  with  destruction  of  these  cells  would  be  of  interest. 

Excised  hearts  from  3-6  day  chick  embryos  showed  slowing  of 

rate  and  irregularity  of  contraction  following  irradiation  at  2.5 
2  ° 

joules/cm  at  6943  A  (2).  The  contractile  activity  of  all  three 
types  of  muscle  (cardiac,  smooth  and  skeletal)  was  inhibited  by 
laser  irradiation  (2).  It  would  be  of  interest  to  note  whether  these 
effects  are  similar  to,  or  differ  from  that  produced  by  heat.  The 
temperature  gradient,  particularly  as  a  function  of  time,  will  be 
dependent  upon  the  power  levels  at  which  the  energy  is  supplied. 

The  DNA  synthesis  of  Hela  cells  was  slowed,  the  proplase  duration 
of  human  adenocarcinoma  cells  delayed,  and  mitosis  of  salamander  lung 
cells  stopped  without  apparent  chromosomal  injury.  The  synergistic 
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effect  on  a  line  of  human  adenocarcinoma  cells  of  laser  radiation 
at  6943  £  in  conjunction  with  cobald  gamma  irradiation  was  explored. 
Further  studies  will  probably  be  required  to  determine  whether  the 
effects  are  synergistic.  Should  synergism  be  shown,  it  will  have 
been  shown  only  for  the  system  studied. 

Chromosomal  alterations  have  been  obtained.  Dicentric  chromosomes, 
chromatid  breaks  and  shift  of  the  modal  value  for  a'  line  of  rabbit 
aortal  endothelium  from  42  chromosomes  to  40  were  produced.  This 
indicates  that  genetic  transformations  may  result  from  laser  irradiation 
at  6943  A. 

Other  studies  were  oriented  towards  determining  the  site  and 

mode  of  interaction  of  laser  radiation  within  the  cell.  Mitochondia 

were  irradiated  at  5300  £  (Q-switched)  without  significant  alteration. 

Alteration  may  have  resulted  if  more  energy  were  used  -  the  energy  of 

the  radiation  consequently  requires  documentation.  Irradiation  of 

o 

DPNH  together  with  lactic  dehydrogenase  at  3471  A  caused  a  60% 
reduction  in  DPNH  formation,  whereas  irradiation  of  either  DPNH  or 
lactic  dehydrogenase  did  not  affect  the  subsequent  reaction  rate. 

The  effect  on  reaction  rate  of  combining  separately  irradiated  DPNH 
and  LDH  was  not  reported.  This  may  be  of  significance,  as  it  would 
indicate  whether  separate  irradiations  of  both  would  result  in  end 
products,  which  in  themselves  affect  the  reactions. 

Inhibition  of  ATPase  activity  was  proposed  as  a  working  hypothesis. 
The  basis  for  this  is  presented  but  may  required  further  documentation. 
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Although  the  author  considers  that  the  cytotoxic  effect 
produced  by  laser  radiation  is  wavelength  specific,  he  probably 
means  wavelength  dependent.  He  is  aware  of  the  physical  as  well 
as  Che  biological  complexities  of  the  system  undergoing  irradiation, 
and  the  necessity  of  further  study  to  elucidate  the  parameters  of 
importance.  Studies  on  threshold  determinations  would  be  desirable. 

It  would  be  of  interest  to  compare  thresholds  with  _in  vivo  threshold 
studies  on  the  eye  such  as  those  by  Ham  at  a_l,  at  the  various  wavelengths, 
and  to  determine  the  relative  effect  of  Q-switched  radiation. 

Effects  due  to  irradiation  with  a  Mercury  arc  lamp  at  17.9 

2 

watts/cm  for  10  minutes  were  carried  out  and  may  be  significant 
per  se,  but  cannot  be  compared  directly  with  effects  of  laser 
radiation,  because  of  the  total  energy  density  (in  excess  of 
10,000  joules)  applied  with  the  arc,  the  lower  power  level  at 
which  it  is  applied,  and  the  wavelength  band  used. 

Determination  of  the  relative  and  absolute  absorption  of 
energy  by  the  cells  would  be  of  significance,  but  is  of  course, 
difficult.  This,  in  conjunction  with  studies  at  various  energy  levels 
would  permit  a  determination  of  two  factors  (l)^the  relative  sensi¬ 
tivity  of  pigmented  and  unpigmented  cells  to  radiation  at  that 
wavelength  and  (2)  the  thresholds  at  which  destruction  occurs.  The 
potential  cytotoxic  effect  on  unirradiated  cells  in  the  vicinity 
requires  further  consideration. 
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In  sunsnary,  chromosomal  abnormalities  have  been  obtained. 
Mitosis  of  salamander  lung  cells  has  been  stopped  without  apparent 
chromosomal  injury.  DMA  synthesis  has  been  slowed.  Physiological 
processes,  particularly  of  the  heart  and  of  the  intestine  have  been 
affected.  The  importance  of  pigmentation  has  been  studied. 

Many  of  the  extensive  studies  discussed  were  considered  by 
the  author  as  preliminary  at  the  time  of  publication,  or  when 
presented  in  a  progress  report.  It  is  probable  that  many  of  these 
studies  will  be  further  refined,  threshold  measurements  made,  and 
the  effects  compared  with  those  found  on  in  vivo  studies.  The 
author  is  aware  of  the  in  vivo  studies  being  carried  out,  and 
correlates  the  results  of  his  studies  with  in  vivo  effects 
observed.  Further  attention  should  be  directed  to  radiation 
measurement,  within  the  limits  feasible. 

Knowledge  of  the  normal,  unirradiated,  development  of  the 
cell  lines  used,  is  of  course,  necessary  in  order  to  meaningfully 

assess  the  effects  of  laser  radiation  on  tissue  culture,  which 

✓ 

are  being  intensively  and  scientifically  pursued  by  Dr.  Rounds 
and  hi3  colleagues . 
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STUDIES  ON  INTERACTIONS  WITH  MACR0M0L2CULAR  BIOCHEMICAL  PREPARATIONS 


1 


Interactions  of  in  vitro  biologic  systems  with  radiation  in  the 
ultraviolet,  visible,  and  infrared  regions  of  the  electromagnetic  spectrum 
have  been  studied  at  low- power  levels  (l),  The  effects  of  pulsed 
irradiation  on  biological  preparations  were  studied  at  relatively 
high  energy  density  (of  the  order  of  10  joules/cm^).  These  studies 
employed  primarily  flash  photolysis,  utilizing  the  discharge  of  energy 
stored  in  a  capacitor  bank  through  a  flash  tube.  The  purpose  of  the 
flash  photolysis  experiments  was  to  investigate  free  radical  formation, 
absorption  spectra  of  excited  states,  and  products  formed  immediately  after 
irradiation.  Although  most  flash  photolysis  studies  were  carried  out  in 
the  gaseous  phase,  studies  on  solutions  of  biochemical  preparations  have 
been  reported  by  Gibson  and  Ainsworth  (2)  and  Grossweiner  and  Mulac  (3). 

In  studies  on  pulsed  photoexcitation  of  ovalbumin  by  Grossweiner  (^)  and 
by  Grossweiner  and  Mulac  (3)>  broad  transient  absorption  spectra  of  both 
helium- saturated  and  air- saturated  oval  bumin  were  determined.  The 
transient  absorption  spectra  of  smaller  molecules  were  studied  to  elucidate 
the  sites  of  photon  interaction  on  the  macromolecule. 

The  development  of  lasers  made  available  sources  with  high- power 
densities  a3  well  as  high  energy  densities  at  relatively  narrow  band  widths 
as  compared  with  those  obtained  from  flashtube  systems.  The  objectives 
of  studies  on  the  effects  of  laser  radiation  on  macromolecular  preparations 
of  biologic  origin  include:  1.  Determinations  of  changes  in  biological 
activities  or  in  physical-chemical  properties  and  elucidation  of  para¬ 
meters  affecting  such  alterations.  2.  Exploration  of  effects  of  energy 
transfer  agents  on  inducing  or  altering  the  interaction.  3.  Investigation 
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of  differential  interactions  with  diverse  biochemical  preparations. 

Initial  studies  were  carried  out  by  Klein,  Fine,  et.  al.  (5  )  to 
determine  whether  specific  effects  of  biologic  significance  could  be 
demonstrated  after  laser  irradiation  of  in  vitro  biologic  systems.  The 
observations  made  in  these  exploratory  studies  provided  a  basis  for  further 
studies  of  the  interactions  of  laser  radiation  with  biologic  systems. 

Studies  on  the  effects  of  laser  radiation  on  macromolecular  prep¬ 
arations  of  biological  origin  were  concerned  particularly  with  components 
of  enzyme  systems  and  imnuno- chemical  systems.  Enzymatic  or  immunological 
reactions  can  be  detected  and  characterized  at  considerably  higher  levels 
of  sensitivity  than  usually  attained  by  chemical  or  physical-chemical 
studies.  Subtle  changes  in  molecular  conformation  may  thus  be  reflected 
by  enzymatic  and  immunologic  methods.  The  purpose  of  these  studies  wa3 
to  determine  whether  laser  radiation  could  produce  functional  or  structural 
changes  in  macromolecular  preparations  and  whether  these  could  be  demon¬ 
strated  to  bear  a  relationship  to  each  other.  While  functional  changes 
were  demonstrable  by  enzymatic  and  immunchemical  techniques  in  various 
macromolecular  preparations  following  laser  irradiation,  chemical  and 
physical-chemical  techniques  used  so  far  have  not  been  sensitive  enough 
to  indicate  the  specific  associated  structural  changes.  It  has  been  pos¬ 
sible,  however,  to  demonstrate  that  the  functional  changes  (and  presumably, 
the  structural  changes)  induced  by  laser  radiation  differ  from  those  pro¬ 
duced  byi conductive  heat.  This  suggests  that  the  interaction  of  laser 
radiation  is  not  due  to  ordinary  thermal  factors  alone.  It  further  suggests 
that  high  intensity  radiation  such  as  available  through  lasers,  may  offer  . 
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an  additional  tool  for  studying  properties  of  macromolecules. 

Enzymatic  Studies 

One  of  the  preparations  chosen  for  these  studies  ( 5  )  was  a  lipase 
system,  since  the  activity  of  this  enzyme  can  be  effected  by  several 
categories  of  nacromolecules,  including  the  lipase  itself,  the  lipo¬ 
proteins,  and  albumin  or  other  proteins  acting  as  fatty  acid  acceptors. 

The  action  of  lipase,  furthermore,  can  be  assessed  by  analytical  ultra- 
centrifugation  in  terms  of  changes  in  the  distribution  of  the  lipoproteins 
which  provides  a  sensitive  means  for  studying  some  aspects  of  the  functional 
as  well  as  structural  characteristics  of  these  macromolecules . 

Pancreatic  lipase  preparations  in  several  steges  of  purification  were 
studied.  In  the  less  purified  form,  this  lipase  preparation  contains 
other  enzymes  such  as  proteolytic  enzymes  (trypsin,  chynotrypsin),aay loses, 
phosphatases,  and  various  nucleases.  These  relatively  impure  preparations 
are  suitable  for  assessing  differential  interaction  of  laser  radiation  with 
various  enzymes  present  in  the  sa of  preparation.  Such  differential  inter¬ 
action  between  the  effects  of  laser  radiation  on  lipase  activity  and 
proteolytic  activity,  respectively,  was  demonstrated. 

The  conditions  of  irradiation  described  below  for  the  studies  on  lipase 
( 5  )  were  essentially  the  same  as  those  used  by  the  seme  authors  and  their 
associates  for  the  investigation  of  other  macromolecules.  Such  modifi¬ 
cations  as  were  made  are  indicated  in  the  summaries  of  the  respective 
studies. 

Most  of  the  studies  reported  were  carried  out  with  a  ruby  laser  operating 
at  a  wavelength  of  6,9^3  &  and  energy  levels  ranging  from  3  to  100  joules  . 
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per  pulse  with  a  pulse  duration  of  the  order  of  1  msec.  Exploratory 
studies  were  carried  out  with  pulsed  laser  units  employing  neodymiuc- 
doped  glass,  operating  at  a  wavelength  of  10, 600  2,  at  energy  levels 
exceeding  800  Joules  per  pulse.  Radiation  was  unfocused  or  defocused  by 
simple  lenses  to  provide  spot  sizes  of  8  to  14  cm.  in  diameter  unless 
otherwise  stated  in  the  experimental  section.  These  spot  sizes  were 
usually  sufficient  to  be  equal  to  or  larger  than  the  maximum  cross 
section  of  the  irradiated  specimen. 

Aliquots  of  nacrocolec ular  solutions  or  suspensions  were  usually 
irradiated  in  7-mm.  test  tubes  or  cuv»ttes.  The  volumes  ranged  from 
0.1  to  0.5  ml.  per  aliquot.  When  larger  volumes  were  required,  the 
samples  were  irradiated  successively  and  pooled  prior  to  determinations 
of  biologic  activities  or  structural  characteristics.  To  some  of  the 
preparations  a  solution  of  methylene  blue  was  added  to  provide  final 
concentrations  of  the  dye  ranging  from  0.1$  to  0.0001$.  Aliquots  con¬ 
taining  methylene  blue  were  compared  with  aliquots  of  the  same  prepar¬ 
ation  to  which  the  dye  had  not  been  added.  Controls  included  nonirradiated 
specimens,  with  or  without  methylene  blue,  and  specimens  irradiated  in 
the  absence  of  methylene  blue,  to  which  the  dye  was  added  immediately 
following  irradiation. 

Lipase  preparations  were  obtained  from  hog  pancreas  purified  up  to 
stage  V  of  the  method  of  3ashys  et  al.  (6  ).  The  lyophilized  prepar¬ 
ation  was  suspended  in  a  0.15  K  solution  of  sodium  phosphate,  pH  8.6,-  to 
give  a  concentration  of  0.001$  of  the  dye.  Preparations  containing 
methylene  blue  and  control  preparations  were  irradiated  with  pulses  at 
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at  energy  levels  ranging  from  3  to  100  joules;  the  manner  of  exposures 
per  sample  varied  from  1  to  20  at  intervals  ranging  from  5  to  10  min. 
between  successive  exposures.  The  radiation  was  delivered  unfocused  at 
a  distance  of  20  cm.  from  the  face  of  the  ruby.  . 

After  irradiation  the  lipase  preparation  was  diluted  with  9  volumes 
of  buffer  to  a  concentration  of  2  mg.  of  lipase  preparation  per  ml.  of 
buffer;  aliquots  of  the  latter  concentration  were  serially  diluted  to  a 
level  of  2  gamma  of  lipase  preparation  permilliliter  of  buffer. 

The  activity  of  the  lipase  at  the  various  dilutions  was  tested  for 
deturbidification  and  release  of  free  fatty  acids  as  previously  des¬ 
cribed  (  6 ).  The  activity  of  the  lipase  decreased  as  the  total  energy 
of  the  radiation  was  increased  in  the  presence  of  the  dye,  while  in  the 
absence  of  methylene  blue  changes  in  lipase  activity  -were  not  significant. 

Less  highly  purified  lipase  preparations  which  contained  appreciable 
levels  of  proteolytic  activity  were  irradiated  to  determine  whether 
different  effects  would  be  produced  on  the  respective  enzyme  activities. 
Proteolytic  activity  was  not  altered  by  laser  radiation  whether  methylene 
blue  was  present  or  not,  while  the  lipase  activity  was  reduced  or  elim¬ 
inated  in  the  presence  of  the  dye. 

Lipase  contains  two  essential  components,  each  of  which  is  inactive 
without  the  presence  of  the  other,  while  recombination  of  the  separate 
components  results  in  reconstitution  of  the  original  level  of 'activity. 

One  of  these  components  is  labile  when  kept  at  56°Cfor  10  minutes,  or 
more,  while  the  other  component  is  stable  to  heat  at  100°  C.  for  an  hour 
or  longer.  Following  laser  irradiation,  it  was  found  the  lipase  component- 
which  is  stable  to  heat  at  100°  C.  had  been  de-activated,  while  the  component 
labile  at  5°  c,  did  not  lose  activity.  These  observations  suggest  that 


factors  other  than  the  usual  thermal  effects  may  be  involved  in  the 
interactions  of  laser  radiation  with  lipese  preparations. 

Studies  on  a  number  of  enzyme  preparations  were  reported  by  Igelcan 
et.  al.  (  7  ).  The  authors  found  that  tyrosinase  was  not  activated  by 
radiation  at  6,9^3  A  in  vivo  or  in  vitro,  while  the  activity  of  this 
enzyme  is  known  to  be  increased  by  X-rays  or  ultraviolet  radiation.  The 
other  preparations  which  were  studied  (  8  )  in  vitro,  included  trypsin, 
lysozyme,  catalase,  pexxidase,  alcohol  dehydrogenase  and  serum  amylase. 
Laser  radiation  at  6,9^3  A  and  at  10,600  &.  was  used.  The  energy  levels 
of  the  ruby  laser  radiation  was  ^5-85  joules  per  pulse  in  a  non-Q 
switched  mode,  and  0-5  joules  per  pulse  at  a  peak  power  level  of  10  Mw 
Q  switched.  Neodymium  radiation  was  non-Q  switched  at  9  joules  per 
pulse.  The  spot  sizes  or  the  energy  and  power  densities  are  not  stated. 
From  1  to  7  exposures  were  employed,  which  persumably  were  successive, 
although  the  intervals  between  exposures  are  not  stated. 

The  only  effect  noted  was  a  3©-  50?j  reduction  in  peroxidase  activity, 
which  is  known  to  be  photolabile .  The  other  enzyme:  activities  remained 
unaltered.  No  attempts  were  made  to  study  the  effects  of  laser  radiation 
in  the  presence  of  dyes  orrother  energy  absorbing  or  transfer  egents. 


The  authors  conclude  that  "if  laser  radiation  of  the  type  used  in 
these  experiments  and  under  these  experimental  conditions  has  a  significant 
ionizing  potential,  it  could  be  expected  to  affect  all  enzymes  in  a  fashion 


similar  to  X-ray  irradiation"  They  state,  "that  this  is 


;ne  case  as 


indicated  by  the  results" (i.e.  lack  of  effects), "and  it  appears  that  this 


laser  radiation  has  no  unsuspected  property  that  is  deleterious  to  enzymes 


in  general." 
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Although  the  authors  did  not  find  alterations  in  specific  enzymes 
under  the  conditions  stated,  their  conculaions  cannot  be  extrapolated  to 
all  enzymes,  nor  to  laser  radiation  (at  69^3  at  all  energy  and  power 
density  levels.  At  high  peak  power  densities,  ionization  is  produced  in 
air.  Free  radical  formation  in  biological  systems  including  enzyme  prep¬ 
arations  has  been  demonstrated  with  a  high  degree  of  probability  following 
laser  irradiation  (9).  Charged  particles  have  been  produced  (10)  by 
laser  irradiation  of  biological  material.  The  production  of  hyper¬ 
sonic  frequencies  on  irradiation  of  liquids  may  be  of  significance  in 
aqueous  enzyme  preparations.  Since  the  actions  of  ultraviolet  radiation 
(which  is  ionizing)  differs  from  that  of  X- irradiation,  the  effects  should 
not  have  been  compared  to  "ionizing”  radiation  in  general. 

The  enzymatic  activity  of  plasmin  (or  firinolysin)  i3  demonstrable 
on  a  number  of  different  substrates,  such  as  fibrin,  other  proteins, 

(i.e.  casein),  plasminogen  (or  profibrinolysin)  which  is  converted  (activated) 
to  plasmin  (fibrinolysin),  and  tosyl  argenine' methyl  ester  (TAl-Ie)  or  other 
synthetic  substrates,  in  which  an  ester  linkage  is  cleaved.  The  action  on 
these  substrates  is  referred  to  as  fibrinolytic,  caseinolytic,  activator 
and  esterase  activities,  respectively. 

The  various  parameters  of  plasmin  activity  were  investigated  (5) 
following  laser  irradiation  at  69U 3  X  in  order  to  determine  whether  the 
activities  of  an  enzyme  preparation  could  be  differentially  altered  by  laser 
irradiation  in  respect  to  the  diverse  substrates  upon  which  it  acts.  In 
addition  to  being  a  suitable  preparation  for  these  studies,  the  general 
effects  of  laser  radiation  on  fibrinolysin  were  of  interest  because  of  the 
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increasing  recognition  of  the  physiologic  significance  and  therapeutic 
applications  of  this  enzyme  system.  One  of  the  advances  in  hematology 
in  recent  years  is  the  realization  that  the  blood- clotting  system  is  not 
alonq  responsible  for  maintaining  hemostasis  and  hemofluidity,  but  that 
other  systems  such  as  the  retractozyme  system  and  the  fibrinolysin  system 
have  to  worl;  in  harmony  with  the  clotting  system  to  maintain  a  homeostatic 
balance.  Since  someeof  the  studies  on  laser  irradiation  of  fiorinolysin 
preparations  bear  on  the  complexity  of  this  system,  the  current  status 
of  the  fibrinolytic  mechanism  is  briefly  outlined. 

It  was  suggested  by  several  investigators  (  11  )  that  the  clotting 
of  fibrinogen  is  a  continuous  process  which  is  in  dynamic  balance  with 
the  continuous  lysis  of  fibrin.  As  a  result  of  this  balance,  a  thin, 
possibly  mono-molecular  layer  of  fibrin  is  continuously  present  on  the 
luminal  aspect  of  the  blood  vessel  wall.  Hyperactivity  of  the  fibrinolytic 
system  mny  lead  to  hemorrhagic  tendencies;  overbalance  of  the  clotting 
components  and  relative  hypoactivity  of  the  fibrinolysin  mechanism  may 
result  in  a  thickened  fibrin  meshwork  which  may  then  tend  to  trap  large 
molecules  of  lipoproteins,  thus  initiating  the  formation  of  atheromatous 
plaques  (  12).  The  fibrinolysin  system  is  not  only  of  physiologic  impor¬ 
tance,  but  more  recently  several  of  its  denser s  have  entered  the  thera¬ 
peutic  armamentarium.  Most  human  tissues  contain  activators  which  are  ' 
able  to  convert  plasminogen,  a  normal  plasma  component,  to  the  active  en- 
zyne,  plasmin.  Activators  of  this  system  are  also  found  in  some  bacteria  • 
and  fungi.  Plasmin  is  able  to  digest  fibrin  and  other  proteins,  including 
such  nonspecific  proteins  as  casein.  There  are  other  normal  plasma  com¬ 
ponents,  called  anti-plasmins,  which  are  able  to  form  a  complex  with  plasmin. 
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Fibrin  con  compote  for  plasmin  with  antiplaomins,  absorbing  plasmin  to 
its  surface.  (13 )  This  phenomenon  explains  the  specificity  of  plasmin 
for  fibrin  and  the  fact  that  fibrin  clots  can  be  dissolved  with  doses 
of  plasmin  which  will  produce  little  change  in  other  clotting  factors 
and  plasma  proteins. 

Astrup  (l4)  in  explaining  the  mechanism  whereby  SK  ( streptokinase ), 
a  bacterial  enzyme,  can  activate  plasminogen,  suggested  that  another  plasma 
protein  call  pro- activator  .is  involved,  which  is  changed  by  SK  to  an 
activator,  which,  is  then  able  to  act  on  plasminogen.  Hunan  blood  seems 
to  contain  a  great  deal  of  this  pro-activator,  while  plasma  of  a  number 
of  mammals  contains  much  less  and  some  species,  for  example,  cattle, 
seem  to  contain  practically  none. 

A  hypothesis  has  been  developed  on  the  significance  of  the  fibrinolysin 
system  in  hemostasis  and  wound  healing.  When  tissues  are  injured,  thrombo¬ 
plastins  are  liberated,  partly  from  the  injured  tissues  and  partly  from 
the  platelets  which  disintegrate  on  the  rough  surface  of  the  wound;  they 
will  produce  rapid  clotting  and  thus  cesaation  of  hemorrhage.  At  the  same 
time,  tissue  activators,  which  will  activate  plasminogen,  are  liberated 
from  the  tissues.  Plasmin  is  then  adsorbed  to  the  fibrin  clot  as  it  is 
formed,  while  in  turn  any  free  plasmin  will  be  neutralized  by  antiplasmins. 
Endothelial  regeneration  will  commence,  and  soon  the  continuity  of  the  blood 
vessels  will  be  re-established.  The  blood  clot  will  become  intravascular 
and  is  responsible  for  preventing  the  re-establishment  of  the  circulation. 

In  the  meantime,  however,  the  alow  fibrinolytic  effect  of  plasmin  will 
result  in  recanalization  and  possibly  the  complete  elimination  of  the  clot. 
Teleologically  the  rapid  action  of  the  clotting  system  and  slow  action  of 
the  fibrinolysin  system  is  readily  understandable. 
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In  addition  to  its  fibrinolytic  and  caseinolytic  activity,  plasmin 
also  has  an  esteratic  effect  and  is  able  to  split  such  synthetic  esters 
as  TAMe  (tosyl- arginine  methylester ).  If  SK  is  added  to  human  plasmin¬ 
ogen,  maximal  fibrinolytic  and  caseinolytic  activity  develops  very 
rapidly.  As  tine  passes,  the  enzyme  acquires  an  esteratic  activity  as 
veil  (15). 

If  increasing  amounts  of  SK  are  added  to  a  certain  amount  of  plas¬ 
minogen,  the  fibrinolytic  activity  first  increases  until  a  maximum  is 
obtained,  and  further  amount s  of  SK  will  then  be  inhibitory.  The  seme 
phenomenon  is  observed  as  far  as  the  caseinolytic  effect  of  plasmin  is 
concerned:  Namely,  with  the  increase  in  SK  concentration  ve  get  first 
increased  and  then  decreased  activity.  However,  if  plasmin  is  measured  by 
its  TAMe  esteratic  activity,  the  inhibiting  effect  of  high  SK  concen¬ 
trations  does  not  manifest  itself. 

Plasmin  is  not  considered  to  be  a  single  enzyme;  there  are  several 
molecular  species  of  plasmin  which  possibly  transform  continuously  into 
each  other.  At  least  three  related  enzymes  -  alpha,  beta,  and  gamma 
plasmin  -  have  been  characterized  (l6).  This  may  be  an  analogous  situation 
to  the  activation  of  chymotryosinogen  into  cnymotrypsin  through  a 
series  of  molecular  forms. 

Aliquots  of  a  10$  solution  of  plasmin  in  distilled  water  were  exposed 

to  laser  radiation  in  the  presence  and  absence  of  methylene  blue  (final 

concentration  of  0.05$).  The  energy  per  pulse  varied  from  32  to  72  joules, 

and  from  1  to  75  successive  pulses  were  delivered  at  intervals  of  5-10  min 

,  .  o 

as  unfocussed  radiation  at  69^3  A  with  a  pulse  duration  of  the 
order  of  1  msec.  The  fibrinolytic  activity,  the  plasminogen 
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activator  activity,  the  cas.2  mo  lytic  activity  and  the  TA Me  esterase  activity 
were  determined  as  previously  described  (17,18,19). 

In  the  absence  of  methylene  blue  the  above  parameters  of  plasnin 
activity  remained  unchanged  after  laser  irradiation.  In  the  presence 
of  methylene  blue  the  activities  of  the  plasnin  preparations  were  decreased 
(5,20).  After  40  successive  exposures  at  50  joules  per  pulse,  fibrinolytic 
activity  was  reduced  to  insignificant  levels,  while  appreciable  activities 
were  apparent  in  determinations  of  plasminogen  activator  activity,  caseino- 
lytic  activity,  and  TAKe  esterase. activity. 

To  determine  whether  these  phenomena  reflected  the  effect  on  the  plas¬ 
minogen  molecule  or  extended  to  the  activator,  urokinase  was  irradiated  in 
parallel  studies  by  Ambrus  et  al.  (in  preparation).  In  the  presence  of 
methylene  blue  as  the  energy  transfer  agent,  the  activity  of  urokinase  in 
the  activation  of  plasminogen  was  markedly  reduced  by  laser  irradiation. 

In  parallel  studies  (9),  it  was  observed  that  laser  irradiation  of 
plasmin  preparations  was  followed  by  the  appearance  of  free  radicals,  while 
radiation  of  the  same  quality  did  not  produce. free  radicals  in  a-number  of 
other  enzyme ^preparations.  The  relation  between  alteration  of  enzyme  activity 
and  free  radical  formation  after  laser  irradiation  has  not  been  Investigated. 

Calf  thymus  DNA  (125  pg/ml)  in  the  presence  of  methylene  blue  (0.125  Dig/11!) 
was  exposed  to  laser  radiation  at  6,9^3  A  under  the  conditions  described 
above  for  studies  on  lipase  preparations.  Approximately  20$  reduction  of 
priming  activity  in  a  regenerating  rat  liver-DNA-polymerase  system  (21)  was 
observed.  No  reduction  was  found  in  the  absence  of  methylene  blue.  These 
were  preliminary  findings  and  require  further  stpdy. 
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Studies  on  blood  group  substances 

Studies  on  blood  group  substances  were  carried  out  in  order  to  ex¬ 
plore  whether  laser  irradiation  would  alter  the  specific  reaction  of  an  antigen 
with  a  corresponding  antibody  (  5  ).  The  activity  of  the  blood  group  sub¬ 
stances  was  assayed  by  inhibition  of  hemo- agglutination  (22  ).  Commercial 
blood  group  substances  A  and  3  were  diluted  to  1:8  or  1:32  with  0.85$ 
saline  buffered  to  pH  7.2  with  M/150  phosphate.  The  diluted  substance  was 
divided  into  2  aliquots,  one  of  which  was  exposed  to  laser  radiation.  The 
conditions  of  irradiation  were  as  described  above  far  studies  on  lipase 
preparations,  except  that  dyes  were  not  added*  the  other  eD^'quot  was  re¬ 
tained  at  k°C.  as  a  control. 

The  degree  of  inhibition  of  hemagglutination  was  determined  by  incubating 
0.5  ml.  of  blood  group  solution  with  0.5  ml.  of  commercial  anti-A  or  enti-B 
(dilution  1:16)  for  1  hour  at  25°  C.  The  control  for  this  consisted  of 
0.5  ml.  of  buffered  saline  incubated  with  0.5  ml.  of  dilute  antiserum  for 
1  hour  at  25°  C.  After  incubation,  the  mixtures  were  serially  diluted  in 
10  x  75  2a.  test  tubes.  To  each  tube  0.5  ml.  of  2$  fresh  group  A  or  3 
erythrocytes  were  added.  Tubes  were  shaken  and  the  cell-polysacchride  mix- 

q 

ture  incubated  for  1  hour  at  25  C.  The  tubes  were  centrifuged  for  1  min¬ 
ute  at  1,000  REM  in  an  International  Model  Clinical  Centtifuge.  Agglutination 
was  read  macroscopically  after  shaking  tubes  5  times  manually.  The  degree 
of  inhibition  was  manifested  by  reduction  of  hemagglutination  titers  and/or 
the  agglutination  scores  from  those  of  the  controls. 

Following  laser  irradiation,  the  activities  of  the  blood  group  sub¬ 
stances  were  found  to  be  increased.  The  activity  of  blood  group  substance  3  ' 
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wrs  more  markedly  affected,  then  that  of  blood  group  substance  A.  Heating 

o 

of  preparations  of  the  blood  group  substances  at  100  C.  for  10  minutes 
did  not  alter  their  activities.  The  inhibitory  activity  of  irradiated 
(and  control)  specimens  in  the  bemo-agglutination  test  -was  not  significantly 
altered  by  dialysis.  The  electrophoretic  mobilities  and  the  boundaries 
observed  an  analytic  ultracentrifugation  did  not  reveal  differences  between 
irradiated  and  control  specimens. 

The  irradiation  of  blood  group  substances  which  resulted  in  an  increase 
in  imuno- chemical  activity  suggests  thet  the  number  of.  functional  groups 
required  far  the  specific  interaction  of  agglutinogen  with  iso-agglutinin 
cay  have  been  increased.  This  could  have  occurred  due  to  fragmentation  of 
the  molecule  resulting  in  the  liberation  of  active  groups.  Alternately, 
the  molecular  conformation  of  the  blood  group  substances  may  have  been  altered 
in  such  a  manner  that  previously  inaccessible  functional  groups  were  relocated 
into  positions  in  which  they  were  available  far  reaction.  Interaction  with 
laser  radiation  may  also  have  produced  functional  groups  de  novo  or  des¬ 
troyed  an  Inhibitory  activity.  Since  dialysis  of  the  irradiated  specimens 
did  not  alter  their  activities,  relatively  large  molecules  appear  to  be  asso¬ 
ciated  with  the  increase  in  the  agglutinogen  activity.  Failure  to  reveal 
differences  between  the  electrophoretic  and  ultracentrifugal  patterns  of  the 
controls  and  of  the  irradiated  preparations  does  not  exiude  involvement  of 
molecules,  which  may  have  been  too  large  to  be  dialyzable,  but  hot  large 
enough  to  be  reflected  by  changes  in  the  moving  boundaries. 
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Studies  on  gazsza.  globulin 

Studies  on  ganma  globulins  were  carried  out  to  investigate  the 
effects  of  laser  radiation  on  proteins  in  regard  to  protein- protein 
interactions  (5).  Serial  dilutions  of  the  laser  treated,  heat- 
treated,  or  control  HGG  were  prepared  in  0.85$  saline  containing  1:10000 
parts  of  Merthiolate  (Eli  Lilly).  The  initial  dilution  vas  1:125,  based 
on  the  total  concentration  of  protein  of  the  particular  serum.  Activity 
of  gamma  globulin  vas  determined  by  several  methods.  The  percipitin  test 
vas  carried  out  by  placing  2.7  ml.  of  each  dilution  of  serum  in  a 
haemoscope  curvette  and  recording  the  photoelectric  reading  of  turbidity. 

To  each  curvette  vas  added  O.k  ml.  of  rabbit  anti-EGG  serum.  Each 
curvette,  as  veil  as  the  control  vere  incubated  at  37.5°C.  Readings  vere 
made  photoelectrically  at  20,  40  and  60  minutes,  respectively.  Correction 
vas  cade  far  turbidity  contributed  by  dilutions  of  globulin  alone,  as 
veil  as  by  the  rabbit  anti- serum  alone.  Summation  of  points  of  the 
precipitin  curve  vere  proportional  and  representative  of  the  curve  areas 
of  the  precipitin  reactions.  The  peak  of  each  curve  occurred  at  the 
optimal  proportions  (23)  of  antigen  and  antibody.  To  the  left  of  the  peak 
vas  antigen  excess,  to  the  right  antibody  excess.  It  vas  possible  to 
evaluate  shifts  to  left  or  right  as  demonstrations  of  effect  of  irradiation, 
or  heat  treatment  upon  HGG  antigen. 

Laser  treated  heat-treated  and  control  EGG  preparations  vere  studied 
by  immunodiffusion.  These  preparations  vere  added  to  0.3  ml.  capacity 
veils  molded  into  1$  Lifco  Agar  in  saline.  The  reactions  veils  vere 
located  in  a  circle  surrounding  a  0.3  ml.  capacity  veil  containing  rabbit 
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anti-HGG.  The  formation,  number,  and  identity  of  precipitin  arcs  vas 
noted  at  1 6,  2k,  hQ,  and  J2  hours.  Photographic  record  and  analysis  of 
precipitin  arcs  followed  each  experiment. 

The  microimaunoelectrophoresis  technique  of  Scheicegger  (2k)  was 
employed  on  standard  microscope  slides,  using  Agafor  (National  Instrument 
Company)  equipment.  A  veronal  buffer  (pH  3.6)  was  used  in  the  buffer 
compartments.  Power  used  was  6  volts  per  cm.  Separation  was  done  at 
1^5  minutes.  The  goat  anti-human  serum  (  I.2.P.  Hyland)  was  placed  in  a 
center  trough  on  each  diffusion  slide  after  electrophoretic  separation  of 
HGG  in  the  micro-reaction  wells,  that  bracket  the  trough.  After  l6  hours 
of  incubation  in  a  moist  diffusion  chamber,  the  slides  were  visually  in¬ 
spected.  Slides  were  dried  and  the  protein  arcs  stained  with  light  green 
SF  dye.  Position,  shape,  ana  density  of  protein  arcs  were  analyzed  aacro- 
scopical ly. 

In  the  reaction  of  antiserum  with  gamma  globulin,  maximum  precipi¬ 
tation  occurred  at  lower  concentrations  of  antigen  (i.e.  human  gamma 
globulin)  when  it  had  been  irradiated,  then  with  the  untreated  controls. 
The  cur/es  for  the  reactions  at  serial  dilutions  of  the  irradiated  speci¬ 
mens  at  constant  levels  of  antibody  were  shifted  to  the  right  of  the  con¬ 
trol  curves.  The  irradiated  gamma  globulin  preparations  reacted  less 
actively  with  rheumatoid  serum  than  the  untreated  controls  while  heated 
gamma  globulin  showed  a  more  intensive  reaction.  Cn  gel  diffusion  ar-d 
immune-electrophoresis  there  were  no  apparent  differences  between  ir¬ 
radiated  and  control  gamma  globulin  precipitation 'arcs. 
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Discussion 

The  data  presented  suggest  that  interactions  of  relatively  co¬ 
herent,  monochromatic  electromagnetic  radiation  at  nigh-peak  never  with 
biologic  systems  in  vitro  can  result  in  changes  of  soma  of  the  properties 
of  these  systems.  The  data  are  preliminary  in  that  only  some  qualitative 
aspects  of  the  biologic  properties  of  macrocolecular  preparations  vere 
explored.  The  desirability  of  further  quantitation  of  parameters  of  the 
radiation,  of  the  interactions,  and  of  the  effects  on  biologic  activities 
is  indicated  by  these  initial  explorations  of  the  availability  of  suitable 
systems  and  the  feasibility  of  the  requisite  studies. 

In  the  studies  on  partially  purified  lipase  preparations,  a  reduction 
in  the  rate  of  lipoly.sis  was  evident.  The  initial  rates  of  enzymatic 
activity  vere  considerably  reduced  following  irradiation  in  the  presence 
of  methylene  blue,  as  compared  with  the  non- irradiated  controls,  whether 
the  latter  contained  methylene  blue  or  not.  The  addition  of  methylene  blue 
resulted  in  increased  absorption  of  the  incident  radiation.  At  pulses  of 
35  joules,  approximately  14  joules  vere  transmitted  in  the  absence  of 
methylene  blue,  and  no  transmission  of  energy  vas  detected  in  the  presence 
of  the  dye.  Therefore,  a  maximum  of  35  joules  could  have  been  absorbed, 
less  the  energy  reflected  or  scattered  by  the  system  under  these  ezrperi- 
nentai  conditions.  Irradiation  at  higher  energy  levels,  at  which  the 
difference  between  incident  and  transmitted  energy  vas  greater  than  35 
joules  in  the  absence  of  methylene  blue,  did  not  result  in  reduction  in 
rate  of  lipolytic  activity.  This  vould  suggest  that  methylene  blue  acts 
as  an  energy  transfer  agent,  vhich  may  sensitize  the  lipase  system  to  the 
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absorbed  energy  in  addition  to  increasing  the  amount  of  energy  absorbed. 
Another  possibility  is  that  the  resultants  of  the  interaction  of  methylene 
blue  with  high-peak- power  radiation  at  5,9^3  &  are  different  from  those 
of  the  components  of  the  lipase  preparation. 

The  lack  of  overt  effects  on  the  proteolytic  activity,  present  as  an 
impurity  in  the  lipase  preparation,  at  energy  levels  at  which  irradiation 
reduces  the  rate  of  lipase  activity  indicates  differential  effects  on  dif¬ 
ferent  enzymes.  It  has  previously  been  observed  (6)  that  the  activity  of 
pancreatic  lipase  is  heat  labile  (100°  C.  for  5  min.),  while  the  proteolytic 
activity  (trypsin, chymotrypsin  )  is  not  reduced  under  those  conditions. 

The  amount  of  heat  that  would  be  produced  by  the  radiation,  even  if  all  the 
energy  had  been  converted  to  heat  (assuming  uniform  temperatures,  i.e., 

8°  C.,  throughout  the  aqueous  enzyme  preparation)  would  not  have  been 
sufficient  to  reduce  lipase  activity  to  the  same  degree  as  brought  about 
by  laser  irradiation.  Transient  temperature  elevations,  however,  cay  have 
occurred  without  being  demonstrable  under  the  conditions  of  the  experiments. 
These  considerations,  as  well  as  observations  made  previously  (  25,26  ) 

and  concurrently  (20  ),  suggest  the  possibility  that  other  than  the  -usual 
thermal  effects  may  be  involved  in  producing  changes  in  the  biologic 
activities  of  macromolecular  preparations. 

Since  the  lipase  preparations  were  not  pure,  some  of  the  effects  ob¬ 
served  may  have  been  due  to  changes  in  one  or  more  of  the  impurities.  Thus 
contaminating  proteins,  which  act  as  acceptor  proteins  for  the  triglycerides 
or  free  fatty  acids,  may  have  been  altered  with  resultant  reduction  of 
their  capacity  for  lipid  acceptance.  Alternately  one  or  more  of  the  impurities 
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may  'nave  been  converted  into  inhibitors  of  lipase  activity;  such  chances 
■would  then  be  indirectly  responsible  for  reduction  of  lipolytic  activity. 

The  observations  on  plasmin  indicate  that  laser  radiation  may  differ¬ 
entially  affect  the  activities  of  an  enzyme  on  its  different  substrates. 
This  suggests  that  different  activities  of  the  sane  enzyme  may  be  affected 
to  different  degrees  or  in  different  ways  by  electromagnetic  radiation  at 
relaltively  high  -energy  and  power  density.  These  effects  may  be  due  to 
differential  primary  interactions  with  the  respective  functional  groups 
on  the  enzyme  molecule,  or  to  differential  secondary  effects  of  the  same 
primary  interaction.  It  may  also  be  related  to  the  heterogeneity  of  the 
enzyme  preparation,  laser  radiation  acting  more  effectively  on  some  members 
of  a  population  of  closely  related  enzymes. 

The  initial  rates  of  plasmin  activation  were  considerably  lower  than 
those  of  thejcorre§ponding  control  preparations.  The  rate  of  the  second 
phase  of  activation,  which  represents  a  relative  decrease  in  fibrinolytic 
activity,  however,  was  not  altered  by  laser  irradiation.  This  may  further 
indicate  a  differential  effect  on  enzyme  activity  at  stages  at  which  it  is 
the  limiting  factor  in  the  rate  of  the  reaction,  as  compared  with  stages 
at  which  other  rate-limiting  factors  predominate. 

Since  the  plasmin  preparations  studied  were  not  pure  substances,  it 
is  possible  that  one  or  more  of  the  activities  were  associated  with  com¬ 
ponents  other  than  the  fibrinolytic  enzymes.  Thus,  laser  radiation  may 
have  resulted  in  differential  interaction  with  different  molecules  rather 
than  with  different  functional  moieties  on  the  enzyme  molecule.  The  inter¬ 
action  may  also  have  resulted  in  changes  in  configuration  of  molecular 
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structure,  altering  the  intramolecular  spatial  relations  rather  than  altering 

the  structures  of  the  active  sites  on  the  enzyme. 

The  changes  in  the  immunochemical  properties  of  the  blood  group 

c  i  9 

substances  and  of  the  gamma  globulin  preparations  were  produced  at  6,9*+ 3  «• 
without  the  addition  of  an  energy  transfer  agent  such  as  methylene  blue. 

At  the  low-power  levels  of  standard  spectrophotometers,  radiation  at  6,9^3  2 
is  transmitted  without  any  detectable  absorption  by  these  preparations. 

At  the  relatively  higher  power  levels  ( 10-100  lew.  range)  of  laser  radiation, 
absorption  of  energy  at  6,9^3  2.  occurs.  The  fraction  of  transmitted 
energy  does  not  appear  to  be  a  linear  function  of  the  energy  of  the  inci¬ 
dent  radiation.  Thus  considerable  additional  work  is  needed  to  determine 
the  relationship  between  incident  and  absorbed  energy  at  a  given  wave¬ 
length  for  these  cacromolecular  preparations.  Since  it  appears  that  the 
proportions  of  transmitted  energy  vary  with  different  macromolecular  prep¬ 
arations,  it  would  be  interesting  to  determine  whether  absorption  of  electro¬ 
magnetic  radiation  at  high-peak  powers  'can  be  correlated  with  structural 
characteristics  of  the  molecule.  This  may  provide  further  indications  of 
the  relation  of  structure  to  function,  in  addition  to  the  information  that 
may  he  obtained  from  the  effects  of  selective  interaction  with  functional 
groups  or  the  effects  of  conformational  changes  on  biologic  properties. 

The  non-linearity  of  the  relation  of  transmitted  to  incident  radiation 
was  further  indicated  by  solutions  of  methylene  blue  and  other  dyes. 

Standard  spectrophotometric  determinations  showed  various  levels  of  trar.s- 

.  ,  o 

mission  by  the  solutions  of  the  dyes  in  the  spectral  region  of  6,9^3  A. 

The  same  solutions  showed  considerably  lower  proportions  of  transmitted 


045 


energy  when  the  incident  radiation  was  at  a  power  level  in  the  10  to 
100  lew.  range. 

Irradiation  of  preparations  of  human  gamma  globulin  indicated 
differential  effects  on  members  of  this  molecular  species.  Irradiation 
resulted  in  loss  of  reactivity  with  serum  of  ..'patients  with  rheumatoid 
arthritis,  while  energy  of  the  same  order  of  magnitude,  applied  by 
raising  the  temperature,  did ‘not  increase  the  reactivity  of  the  gamma 
globulin  preparation  in  this  system.  In  the  reaction  with  heterologous 
antibodies  to  human  gamma  globulin,  the  irradiated  antigen  shoved  maximum 
reactivity  at  lower  concentrations  (of  the  antigen)  than  the  untreated 
controls.  Some  of  the  irradiated  specimens  not  only  reacted  maximally 
at  lower  concentrations,  but  also  showed  higher  levels  of  maximum  re¬ 
activity  than  the  controls.  Irradiation  of  heterologous  antibodies  to 
limulus  serum  appeared  to  increase  the  area  of  the  precipitin  curve,  quanti¬ 
tated  photoele ctrically,  in  comparison  with  control  specimens.  Further 
studies  are  needed  to  elucidate  the  nature  of  this  change.  These  obser¬ 
vations  further  suggest  that  the  interaction  of  laser  radiation  with  these 
biologic  systems  was  not  entirely  due  to  the  usual  thermal  factors. 

Interaction  of  the  radiation  with  aqueous  systems  of  macromolecules 
may  primarily  involve  solute  (or  suspensoid)  molecules  rather  than  the 
water  molecules.  Similar  considerations  may  pertain  to  dyes  in  aqueous 
solution.  Thus,  thermal  effects  at  high  intensities  may  be  relatively 
sharply  localized  to  the  interacting  molecules  in  am  aqueous  system.  The 
usual  reactions  to  generalized  heating  of  the  entire  system  may,  therefore, 


046 


21 


differ  from  the  reactions  to  molecularly  localized  interactions. 

Although  the  actual  energy  was  not  measured  in  these  studies, 
relative  absorption  of  energy  was  estimated  on  the  basis  of  calor¬ 
imetric  measurements  with  and  without  interposition  of  the  sample. 
Consideration  of  some  of  the  physical  factors  involved  in  the  inter¬ 
action  is  suggested  below. 

The  energy  per  quantum  at  6,9^3  2.  is  about  2  ev.,  equivalent  to 

1  P  —  IQ 

3.2  x  10  ergs.,  equivalent  to  3.2  x  10  joules.  If  every  mole¬ 
cule  in  a  gram  molecule  absorbed  a  photon  at  6,9^3  the  total  amount 

-19  /-  23 

of  energy  absorbed  would  be  of  the  order  of  3.2  x  10  7  x  6.0  x  10 

joules  per  gram  molecular  weight  or  1.9  x  10 ^  joules,  which  would  ap¬ 
proximate  hO, 000  cal.  per  gram  molecule. 

o  IQ 

Since  a  1- joule  pulse  at  6, 9^3  A  contains  3*1  x  10“  quanta,  a 
o  on 

100- joule  pulse  at  6,9^3  A  would ' contain  3.1  x  10  quanta.  The  macro¬ 
molecules  under  consideration  have  molecular  weights  of  the  order  of  10^. 
A  solution  containing  10  mg/ml  will,  therefore,  represent  an  order  of 
10"4  'A,  and  consequently  contain  of  the  order  of  6.0  x  10^  molecules/ml. 
If  the  quantum  efficiency  approached  1,  then  all  the  atoms  would  be 
excited  by  a  100- joule  pulse  at  6,9^3  2.. 

If  the  quantum  efficiency  of  the  interaction  is  O.OCQL,  (0.01$)  for 
a  specific  reaction,  then  the  per  cent  of  molecules  altered  will  be  of 
the  order  of  (3.1  x  10^°  x  10~4)/(6  x  10“^)  x  100$  or  50$  assuming  single 
photch  angle  molecule  interaction.  If  the  lifetime  of  the  excited  state 
was  of  the  same  order  of  magnitude  as  the  duration  of  the  pulse,  then 
interaction  between  excited  molecules  could  be  considerable.  Sven  if 
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the  lifetime  of  the  exdited  state  is  several  orders  of  magnitude  less 
than  that  of  the  pulse  duration,  a  considerable  number  of  molecules 
will  still  be  in  the  excited  state  at  any  one  time  and  interactions, 
normally  not  detected  within  the  limits  of  chemical  determination,  may 
become  apparent  and  measurable  by  endproduct  analysis.  Molecular  changes 
due  to  interactions  between  excited  states  may  consequently  be  obtained 
beyond  those  that  could  be  recognized  if-  the  equivalent  energy  were 
delivered  at  low-power  levels.  3ecause  of  possible  transient  absorption 
spectra,  the  possibility  of  interaction  of  quanta  with  excited  states 
of  the  atom  also  exist  and  may  result  in  a  detectable  number  of  altered 
molecules  not  otherwise  measurable. 
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vi.  tks  iism  :-2c?.oaa.u: 

The  concept  of  combining  a  source  of  radiation  with  a  microscope 
to  produce  a  rdcrooean  to  injure  or  destroy  microscopic  structures  was 
first  reported  by  Tchakhotine  in  1912  (l).  Folio  vans  the  active  lead¬ 
ership  of  Tchakhotine  a  number  of  investigators  have  e;rvlored  the  effects 
of  partial  cell  irradiation  on  cellular  physiology.  This  work  has  been 
done  on  various  biological  systems  using  ultra-violet,  soft  X-ray,  and 
high  energy  particle  microbeans  with  beam  diameters  down  to  1  11.  The 
small  beam  diameter  was  obtained  with  a  wide  variety  of  optics,  in¬ 
cluding  magnetic  focusing  of  electrons,  conventional,  and  reflecting 
microscope  optics  (2,  3). 

when  lasers  became  available  one  of  the  first  applications  con¬ 
sidered  for  the  laser  was  microsurgery  (4).  This  was  suggested  because 
in  theory  the  bean  emitted  by  a  laser  could  be  coherent  and  very  direc¬ 
tional,  having  an  angle  of  divergence  approaching  the  theoretical  diff¬ 
raction  limit,  /^/D,  where  ?)  is  the  wavelength  and  D  is  the  diameter 
of  the  end  plate  of  the  laser.  Such  directional  coherent  energy  can  be 
focused  to  an  extremely  small  spot.  The  spot  size  obtainable  with  the 
coherent  beam  is  limited  only  by  diffraction.  To  a  good  approximation, 
this  limit  is  ?)/2,  or  for  a  ruby  laser  with  a  wavelength  of  6943  S.  the 
theoretical  limit  is  approximately  l/3  micron  (4). 

In  practice,  this  limit  is  very  difficult  to  achieve,  as  lasers 
are  not  completely  coherent  and  the  area  to  be  irradiated  must  be  lo¬ 
cated  in  the  exact  focal  plane  of  the  lens  system  to  achieve  minimum 
spot  size.  Spot  sizes  of  1  Jx  diameter  have  been  reported  (5).  A  more 
complete  discussion  of  the  optical  principles  involved  in  a  laser-micro- 
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scope  system  can  be  found  in  papers  by  In.it  '(5;cnd  by  Peppers  (6)  and  Fine  et-  al  (2  5; 

The  advantage  of  a  laser  ricrobcam  system  is  the  very  high  energy 

density  which  can  be  obtained  over  a  small  region.  The  power 

density  at  the  focal  plane  of  a  laser-microscope  system  comprised  of  a 

ruby  laser  with  100  nj.  output  with  a  pulse  duration  of  0.5  milliseconds, 

focused  through  a  microscope  to  a  spot  2.5  microns  in  diameter  would  be 

9  2 

approximately  4  x  10  by  cm  .  The  pou j&ir  density  for  this  same  system 

7  .  2 

focused  to  a  spot  25  u  in  diameter  would  be  approximately  4  m  10  /./cm  . 

-  2 

Townes  (4)  points  out  that  a  power  density  of  1 Q'>'.;/cn  would  have  an 
electric  field  strength  at  the  focus  of  about  10^  volts/m.  He  indicates 
that  ionization  can  be  produced  at  these  power  levels  at  the  focus  of 
a  laser  beam.  A  laser  microbean  is  comparable  in  some  respects  to  other 
types  of  microbeans,  bum  differs  because  of  the  possible  high  electrical 
field  strength.  However,  the  field  strength  considered  is  that  in 
vacuum  and  not  the  field  strength  in  the  target..  For  example,  for  a 
perfect  conductor  the  field  strength  within  the  conductor  will  be  zero. 

Also,  the  configuration  of  the  time  varying  field,  even  in  vacuum,  is 
extremely  complex,  and  will  not  be  discussed  further  at  this  point. 

Instrumentation 

Bessis  and  Nomarsld.,  working  in  Paris,  had  developed  an  efficient 
uv  miorobeam  system  (.7)  which  they  altered  to  accommodate  a  ruby  (S£/0) 
or  neodymium  (ll)  laser  rod.  The  microscope  (fig.  l)  used  embodies  a 
vertical  illuminator.  The  object  is  placed  on  a  dielectric  mirror  . 

The  alignment  is  achieved  by  observing  a  second  Image  of  the  object  by 
autocoll  ination  on  the  exit  surface  (m)  of  the  laser  (L)1,  the  brightness 
of  which  is  controlled  by  two  polarizers  (?^ )  and  (?^)  and  by  a  quarter 
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wave  plate  (Q)  that  is  './ithdraun  during  operation.  •  It  is  then  possible  to 
localize  the  spot  for  the  ali.ynment  of  the  apparatus  by  means  of  a  very  weak 
image  resulting  from  the  reflection  on  the  interior  face  of  the  laser.  The 
laser  used  by  Bessis  employs  a  laser  rod  only  3  mm.  in  diameter  and  50  mm. 
long;  thus  the  beam  produced  is  smaller  in  diameter  than  the  pupil  of  the 
objectives  of  the  microscope.  This  enables  the  '..hole  microscope  to  be  used 
to  advantage,  and  the  laser  is  placed  in  front  of  the  eye  piece.  The  eye  ring 
is  the  only  factor  limiting  the  bear,  under  these  circumstances.  The  diameter 
of  the  eye  ring  used  by  Bessis  is  dQ  =  500/6  (K.D.)  combined  with  a  6X  ocular 
and  a  100X  objective,  ^his  system  diaphragms  the  laser  beam  by  l/3  to  give  a 
calculated  snot  size  of  2.5  pa.  Another  advantage  of  3essis'  system  is  the  use 
of  closed  circuit  TV  to  observe  the  specimen  while  it  is  being  irradiated.  A 
1o  mm.  motion  picture  camera  is  also  used  to  provide  a  permanent,  dynamic 
record  of  the  experiment,  although  the  camera  tube  is  blocked  when  the  laser 
is  fired.  This  system  has  incorporated  in  it  precautionary  measures  to  pro¬ 
tect  the  investigators  from  the  hazards  of  laser  radiation.  The  oculars  used 
for  focusing  are  equipped  with  filters  to  protect  the  experimenter  in  case  of 
accidental  firing  of  the  laser.  A  similar  filter  is  placed  in  front  of  the  TV 
camera  to  protect  the  vidicon  tube  from  damage.  Damage  to  the  phosphorescent 
coating  of  the  vidicon  tube  has  been  encountered  by  other  investigators  using 
closed  circuit  TV  in  laser  research  (12). 

The  laser  microbeam  system  described  by  Bessis  (8,10)  stands  as  the  most 
complete  system  yet  to  be  reported  in  the  literature.  Unfortunately,  there  is 
no  mention  of  the  energy  levels  or  energy  densities  produced  by  this  system; 
consequently,  it  is  difficult  to  compare  the  work  done  in  Bessis '  laboratory 
with  results  obtained  by  workers  in  other  laboratories. 
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Another,  much  simpler,  system  which  has  been  used  by  several  diff¬ 
erent  groups  (15,  13,  14)  has  been  developed  on  a  commercial  basis  by 
T.R.G.  This  system  consists  of  a  triocular  Leitz  ^rtholm:  microscope 
combined  with  a  ruby  laser  mounted  vertically  so  the  laser  beam  is 
aligned  with  the  optical  path  ox'  the  microscope.  The  laser  uses  a 
ruby  crystal  6.25  mm.  in  diameter  and  37.5  mm.  in  length.  Maximum  out¬ 
put  of  this  laser  is  a  nominal  100  m.  joules  per  pulse,  and  the  duration 
is  1 G-^  seconds.  Using  various  combinations  of  oculars  and  objectives, 
Saks  has  been  able  to  obtain  bean  diameters  x'ron  500yu  to  4.3 (16). 
Others  using  the  TRG.  system  have  reported  bean  diameters  as  small  as 
Tja  (5). 

In  a  recent  paper  (6),  N. A.  Peppers  of  Optics  Technology,  Inc. 
discussed  soma  of  the  theoretical  and  practical  aspects  to  be  consid¬ 
ered  in  the  designing  of  a  laser  microbeam  system  for  bio-optical  res¬ 
earch.  One  of  the  practical  aspects  considered. was  the  damage  thres¬ 
hold  of  the  objective.  Damage  thresholds  of  soma  optical  cenonts  for 
a  200  u  sec  ruby  laser  is  about  1  j/cn  .  In  this  caso,  a.' cemented.' ele¬ 
ment  objective  with  a  3  ma*  cross  section  would  be  damaged  by  a  pulse 
of  only  30  nj.  Therefore,  with  very  powerful  high  energy  laser  beams, 
a  good  quality  f/l  simple  thin  lens  should  be  used  to  obtain  a  spot  of 
about  25  microns  diameter.  On  the  other  hand,  if  a  radiation  spot  of  a 
few  microns  or  less  is  required,  a  very  intense  spot  can  be  obtained 
with  a  compound  microscope  and  a  low  energy  laser.  A  typical  laser 
beam  of  5  a  rad.  divergence  can  be  focused  by  a  10X  eyepiece  to  a  :pot 
diameter  of  about  125  microns  at  the  focal  plane  of  the  objective.  A 
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ICOI  objective  '..ith  a  high  numerical  aperture  could  further  reduce  the 
spot  to  ap  uroxirately  2  /i.  Such  a  system  wi  th  its  energy  res  uric  ted 
to  30  mj  would  give  an  energy  density  at  the  primary  focus  (2  )  of 
approximately  iGj/cn  .  The  theoretical  diffraction  liu.it  can  be 
essentially  realised  in  such  a  system,  if  one  places  an  auxiliary  dia¬ 
phragm  in  the  focal  plane  of  the  eyepiece,  such  that  the  relationship 
D  is  observed;  where  D  =  sice  of  aperture,  M  =  working  aagJii- 

fication  of  the  objective,  a_.in  =  theoretical  diffraction  limit.  However, 
in  this  case  the  aperture  reduces  the  spot  size  and  1^  to  relatively 
snail  values.  Alternatively,  if  1  is  selected  such  that  the 

diffraction  effects  are  negligible,  and  both  the  spot  size  and  11  are 
considered  by  the  authors  as  being  large,  “t  is  however  probable  that 

the  energy  density  in  this  case  will  be  greater  than  when  L  Id  .  . 

mn 

Hov;ever,  the  actual  energy  density  may  not  be  large  with  the  same  laser. 
The  author  apparently  does  recognise  this  fact,  since  he  states  that  a 
compromise  must  be  achieved  for  which  relatively  high  energy  densities 
can  be  achieved  for  relatively  s”all  spot  sizes. 

.lith  these  principles  in  mind,  a  laser  nicrobeam  oyster,  was  con¬ 
structed  employing  a  pulsed  ruby  laser  mounted  or.  a  diffraction  limited 
microscope.  The  laser  uses  a  ruby  crystal  6.35  mm.  x  76.2  mm.  and  has 
a  pulse  duration  of  0.2  milliseconds  and  a  maximum  energy  output  of 
0.5  joules  ter  pulse.  The  microscope  is  an  ordinary  monocular  micro¬ 


scope  with  a  1 5  layer  dielectric  limiting  aperture  at  the  secondary 
focus  of  the  objective.  A  variable  iris  diaphragm  is  placed  in  the 
focal  plane  of  the  eyepiece  as  an  adjustable  aperture  to  eliminate  un¬ 
necessary  radiation  from  being  focused  on  the  limiting  dielectric  aper- 
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ture.  This  is  accomplished  by  adjusting  the  diaphragm  for  each  objec — 
tive  used,  such  that  the  back  aperture  of  the  objective  is  just  fully 
illusinated  by  the  laser  beam.  This  insures  realization  of  the  full 
resolving  power  of  the  objective,  while  preventing  unnecessary  radia¬ 
tion  from  damaging  the  dielectric  aperture  or  the  objective.  For  most 
of  the  experiments  reported  by  Peppers,  a  102  eyepiece  was  combined  with 
a  50/l  limiting  aperture  and  a  40X  objective  (N.A.  =  0.65)  to  obtain 
a  spot  size  approximately  2/  in  diameter.  This  system  only  allows 
about  2.S%  of  the  original  laser  beam  energy  to  pass  completely  through 
the  system  (first  aperture  with  nominal  diameter  of  1  mm.  passes  approx¬ 
imately  U%  of  energy,  objectives  are  assumed  to  transmit  70%  of  incid¬ 
ent  energy).  However,  on  the  basis  of  the  damage  to  samples,  the  energy 

density  of  the  laser  microbeam  was  estimated  to  be  of  the  order  of 
2  o 

10  j/r-i  .  This  is  sufficient  to  hemolyze  red  blood  cells,  and  to  punc¬ 
ture  cell  membranes  of  various  other  tissues. 

Attempts  to  combine  a  laser  with  a  microscope  were  carried  out  by 
Halt  ('5,  17)  where  both  a  cw  gas  laser  and  a  pulsed  ruby  laser  were 
focused  through  one  ocular  of  a  binocular  microscope.  The  second  ocular 
was  used  for  focusing.  Lang,  et  al  (18)  also  tried  this  system;  appar¬ 
ently  this  arrangement  is  not  very  satisfactory,  as  both  have  abandoned 
it.  Various  investigators,  in  their  studies,  hoped  to  take  advan¬ 
tage  of  the  high  degree  of  coherence,  that  can  be  obtained  with  a  cw  6328  2 
laser  in  order  to  obtain  a  spot  size  essentially  equal  to  the  diffraction 
limit  (?>/ 2  =  1/3  >1).  Unfortunately,  the  relatively  low  power  output  of 
available  cw  gas  lasers  was  insufficient  to  produce  any  disceraable 
changes  on  the  various  biological  samples  tasted  (5,  17,  18). 
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?o:nberg  (19,  20)  used  a  system  consisting  of  a  laser  sounded  ver¬ 
tically  on  too  of  a  microscope  tube,  so  whacn  are  connected  duo  additional 
side  tubes,  one  containing  a  viewing  ocular,  the  other  a  dosimeter.  After 
focusing  is  completed,  a  beam  splitter  in  the  main  sube  is  rotated,  so  that 
an  undefined  part  of  the  energy  is  monitored  by  the  dosimeter.  The  exit 
energy,  however,  is  not  monitored.  The  results  obtained  with  this  system, 
such  as  crater  production  in  a  specimen  and  clotting  of  blood  components 
are  attributed  to  "mechanical  effaces  similar  to  that  observed  on  paddle 
wheels  of  radiometers",  or  high  electric  fields,  lo  histological  data  is 
presented,  ilo  information  is  given  as  to  why  the  " coagulation"  results 
are  due  to  high  electric  fields.  "The  usual  clotting  factors  are  not  dis¬ 
cussed. 


Complex,  high  electric  fields  can  be  produced  in  vacuo  at  the 
focus  of  a  laser  beam,  but  may  not  be  significant  within  tissue,  partic¬ 
ularly  since  scattering  is  narked,  and  the  attenuati.n  constant  may  be 
high.  The  complexity  of  the  coagulation  system  precludes  its  use  for  test¬ 
ing  this  hypothesis.  Insofar  as  kinetic  effects  due  to  light,  radiometer 
paddle  wheels  are  not  turned  by  radiation  pressure,  which  in  general  is 
low.  The  hypotheses  presented,  therefore,  bear  no  relationship  to  the  ex¬ 
perimental  results  obtained. 

A  laser  microbean  system  employing  a  ruby  laser  and  a  closed  circuit 


77  system,  available  .in  Europe,  was  described  by  loccuim  (2t . • 

In  1965  demon  Sspur,  of  Space~ays,  Inc.,  developed  a  focusing  system 
for  use  with  either  pulsed  or  cw  lasers,  based  on  reflection  rather  than 
refraction.  Two  highly  reflective  mirrors  to  focus  the  beam  instead  of 
2  systems  of  lenses  are  used  (22).  Two  specially  formulated  stainless 
steel  mirrors  provide  an  average  transfer  efficiency  exceeding  SO;i,  accord¬ 
ing  to  the  manufacturer.  The  laser  beam  strikes  a  conical  primary  mirror 
and  is  reflected  onto  2  parabolic  secondary  mirrors  which  focuses  the  rad- 

sacncn  zo  a  ICG aaameter  spot.  Tkas  system  has  an  advantage  over  a 
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refracting  system  in  that  it  is  not  United  to  the  low  energy  or 
power  levels  that  are  below  the  damage  threshold  of  refractive 
materials,  According  to  the  company  that  tested  the  instrument  (23), 
it  is  also  relatively  free  from  chromatic  aberrations  which  are 
common  to  reflective  focusing  systems. 

Ail  of  these  laser  microbeam  systems  have  one  common  feature, 
that  is,  they  were  designed  and  developed  for  use  in  biological 
research.  Another  interesting  observation  is  that  5  of  the  3  systems 
mentioned  were  developed  by  coi-cercial  corporations.  This  is  some 
indication  of  the  interest  which  has  been  shown  in  laser  aicrobean 
research  in  the  biological  sciences. 

Applications : 

With  the  advent  of  the  laser,  microbeam  techniques,  originally 
conceived  as  a  tool  for  the  studying  of  cellular  physiology  by 
partial  cell  irradiation  (1),  have  become  of  interest  to  researchers 
in  many  different  areas  of  Biology  and  Medicine. 

Probably  the  simplest  system  used  in  what  right  be  considered 
as  a  laser  microbeam  study,  was  reported  by  b'itt,  Teed  and  Tittal  (24). 
They  used  a  pulsed  ruby  laser,  output  1  joule  per  pulse  and  pulse  width 
of  1  millisecond,  focused  through  a  32  mm.  Bausch  and  Lomb 
microscope  objective  to  obtain  a  spot  100  microns  in  diameter  with  an 
estimated  power  density  of  lO^W/cm^.  This  was  used  to  irradiate  20 
adult  female  spiders.  The  behavior  of  the  irradiated  spiders  was 
then  followed  by  periodically  photographing  and  measuring  the  webs 
constructed  by  these  spiders  and  comparing  the  webs  constructed  after 
irradiation  with  those  constructed  before  irradiation  and  with  the  webs 
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of  13  controls.  Histologic  sections  were  none  of  the  irradiated  area 
of  dead  spiders,  and  the  lesions  examined  microscopically.  'The  spiders 
were  followed  for  periods  of  1  day  to  6.5  months,  the  mean  follow-up 
time  being  65  days.  Five  of  the  irradiated  spiders  died  within  one  week, 
one  had  leakage  of  fluid  and  the  others  hud  lesions  of  the  oesophagus 
and  the  heart.  The  laser  lesions  ware  similar  in  general  histologic 
appearance  to  those  reported  in  mammals  (25-,  14)  with  the  signal  feature 
being  the  clear  delineation  of  the  lesion  from  the  surrounding  healthy 
tissue.  The  data  on  web  construction  following  laser  radiation  was 
summarized  in  the  following  table  (l4). 
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The  authors  felt  that  the  laser  would  be  a  very  useful  tool  in  future 
studies  of  insect  behavior. 

In  medical  research  the  laser  ricroboam  has  been  employed  by  sev¬ 
eral  groups  in  the  study  of  niorovascular  circulation  ('4,  1.5,  26). 
Fine,  Heir.,  and  co-workers  (14)  -•  conducted  a  series  of  laser 
microbaam  experiments  on  microvessels  as  part  of  a  study  on  the  effect 
of  laser  radiation  on  the  blood  vessels,  and  possible  relationships 
between  those  interactions  and  the  gross  effects  of  laser  radiation 
on  intact  animals  . .  .  .  The  system  they  used  was  a  ICO  mj .  (nom¬ 

inal)  T?.C-  laser  microbean  system,  similar  zo  that  described  above. 
Flaps  of  abdominal  skin  and  exteriorised  mesentery  with  retention  of 
blood  supply  of  anaesthetised  mice  (Swiss  white,  C57  black)  were 
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irrc.cli.ated '  -  at  various  energy  levels.  The  smallest  spot  size  obtained 
at  the  focal  plane  './as  approximately  5  microns  in  diameter.  Some  of 
the  factors  affecting  the  interaction  were  the  energy  level  of  the  rad¬ 
iation,  power  density  at  the  focal  plane,  snot  size,  and  the  diameter 
and  shape  of  the  blood  vessel.  At  low  energy  levels,  constriction  of 
the  blood  vessel  occurred,  persisting  for  several  minutes.  At  higher 
energy  levels,  blood  flow  within  the  vessel  was  arrested  by  the  form¬ 
ation  of  an  intravascular  clot;  although  the  integrity  of  the  blood 
vessel  wall  did  not  appear  to  be  altered.  A  further  increase  in  ener¬ 
gy  caused  aneurysmal  dilatation  at  the  site  of  the  clot  formation. 
Interstitial  extravasation  of  blood  was  observed  from  the  smaller 
vessels,  and  at  sites  of  bifurcation.  In  preliminary  studies  on  skin 
flaps,  a  ^-switched  laser  directed  through  the  microscope  produced  hem¬ 
orrhage,  rather  than  thrombosis  (27). 

Kochen  and  Baez  also  used  a  TP.G  laser  microbeam  system  to  conduct 
a  series  of  experiments  on  microcirculation  (15^26,23,2.9).  These  studies 
were  done  with  a  551  water  immersion  objective,  which  produced  a  spot 
5yu  in  diameter  at  the  focal  plane.  The  intensity  of  the  laser  beam  was 
controlled  with  neutral  density  filters  of  known  transmission,  and  was 
measured  with  a  TIG  ballistic  thermopile  mounted  on  the  sub stage  of  the 
microscope.  In  order  to  obtain  a  dynamic  record  of  the  phenomena  ob¬ 
served  following  laser  irradiation,  Ilochen  and  Baez  incorporated  16  mm. 
cinematographic  facilities  into  the  system  (22).  This  series  of  exper¬ 
iments  included  studies  on  exposed  rat  meso-appendix  (26),  and  studies 
employing  2  vascular  model  systems  (28). 
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The  findings  of  Kochen  and  3aes  were  in  general  agreement  with 
those  reported  by  Fine  and  Klein  (14).  Kochen  and  3aez  (26)  found  that 
single  laser  pulses  (0.5  up  to  7.5  mj.)  resulted  in  a  progressive  in¬ 
crease  in  vasomotion  and  a  vascular  hyperreactivity  to  epinephrine. 

The  hyperreactivity  to  epinephrine  stimulus  increased  with  increasing 
laser  energy  output.  1  single  aicrovessel  shov/ed  a  progressive  increase 
in  reactivity  reaching  a  peak  hyperreactivity  in  about  25  rsinutes  after 
receiving  a  single  7.5  mj.  laser  pulse.  These  changes  in  vascular  res¬ 
ponse  were  not  accompanied  by  any  discernible  vascular  or  intravascular 
morphologic  changes  or  thrombus  formation.  However,  the  injection  of 
colloidal  carbon  particf.es  into  the  blood  stream  resulted  in  the  ad¬ 
herence  of  the  carbon  particles  to  the  endothelial  lining  of  the  vessel 
wall  in  the  region  exposed  to  laser  injury.  Laser  pulses  of  higher  en¬ 
ergy  (7.5  -  15  mj.)  resulted  in  transient  "sticking"  of  platelets  and 
leukocytes  at  the  site  of  lasing, and  the  accumulation  of  carbon  parti¬ 
cles  as  much  as  100  microns  up  s' mean  and  down  stream  from  the  lasing 
site.  The  deposition  of  carbon  particles  in  this  7.5  -  15  aj  range 
extended  from  the  inner  endothelial  surface  of  the  vessel  through  the 
perivascular  space  to  the  basement  membrane  and  perivascular  sheath. 

The  extent  and  degree  of  carbon  accumulation  appeared  to  be  indepen¬ 
dent  of  the  rate  of  blood  flow. 

Laser  pulses  of  1 5-30  mj .  resulted  in  maximally  enhanced  vaso- 
motion  and  was  consistently  associated  with  the  formation  of  a  murul 
thrombus  at  the  site  of  injury,  exposure  of  venules  (30-60  u  in  diam¬ 
eter)  to  single  laser  pulses  in  the  15-30  mj.  range  resulted  in  the 
formation  of  a  thrombus  composed  predominantly  of  platelets  and  l9uko- 


12 


cytes,  which  often  occluded  the  lumen  of  the  venule.  A  progressive 
reccnoli cation  of  the  thronbus  end  subsequent  dislodgeaent  of  fragments 
of  cell  mass  and  embolism  followed  within  2  minutes  of  maximum  thronbus 
formation,  m::posure  of  arterioles  (30-45 ) u  diameter)  to  a  laser  pulse 
of  15-30  m3,  intensity,  resulted  in  a  similar  but  more  transient  adher¬ 
ence  and  aggregation  of  platelets  and  leuhocytes.  Consequently,  the 
thrombus  had  a  tendency  to  be  swept  away  as  a  microembolus.  In  neither 
arterioles  nor  venules  did  laser  intensities  under  15  mj.  result  in 
interstitial  hemorrhage  or  distortion  of  the  normal  morphology  of  the 
outer  vascular  wall  or  surrounding  tissue. 

focusing  of  a  laser  pulse  of  greater  than  30  mj .  intensity  on  the 
wall  of  an  arteriole  or  venule  resulted  in  the  deposition  of  a  fused 
red  cell  mass  on  the  endothelial  surface  at  the  site  of  lasing,  the 
evolution  of  a  gas  bubble  which  quickly  disappeared,  and  the  formation 
of  an  extensive  and  stable  thrombus.  Single  laser  pulses  of  3C-60  mj. 
intensity  frequently  resulted  in  localized  regions  of  complete  vessel 
wall  breakdown  end  varying  degrees  of  interstitial  hemorrhage. 

In  an  attempt  to  evaluate  the  effects  of  laser  radiation  on  the 
vessel  wall,  per  se,  and  on  the  elements  of  the  blood,  experiments  were 
conducted  on  two  model  vascular  systems  (28): 

(1)  glass  capillary  tubing  (60  u  diameter)  perfused  with 
0.95>  saline  solution  colored  sky  blue  and  with  heparinized 
rat  blood. 

(2)  isolated,  acutely  der.ervat.ed,  rat  mesoappendix  vascul¬ 
ature  perfused  with  mammalian  Ringer's  3.7£  albumin  solution 
and  heparinized  rat  blood. 
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-u-osure  of  the  glass  cc.nillo.ry  perfused  \;ith  z'.^y  blue  s aline  solution 
to  o  loser  pulso  of  30  raj .  intensity  did  not  produce  any  observable 
chance  in  t’r.a  flow  characteristics  of  the  saline  solution*  Gloss  cap¬ 
illary  perfused  witji  heparinized  rat  blood  exposed  to  a  laser  pulse  of 
similar  intensity  (30  mj . )  resulted  in  the  deposition  of  a  fused  red 
cell  mass  on  the  glass  capillary  and  evolution  of  multiple  gas  bubbles. 
Hcposure  of  isolated  mesoappendi;:  vessels  to  a  30  mj .  laser  pulse  pro¬ 
duced  r.o  apparent  morphological  change  in  vessels  perfused  with  color¬ 
less  finger's  albumin  solution;  however ,  subsequent  perfusion  with 
heparinized  rat  blood  resulted  in  the  transient  adherence  of  leuko¬ 
cytes  and  platelets  to  the  site  of  previous  irradiation.  !  single  30  r  j . 
laser  pulse  produced  a  stable  thrombus  in  isolated  uesoapnendiu  vessels 
perfused  with  rat  blood  at  the  tine  of  irradiation.  Yihen  the  isolated 
vessels  were  perfused  with  colored  Ringer's  albumin  solution,  laser 
irradiation  produced  various  degrees  of  damage,  ranging  from  discreet 
cell  adherence  to  complete  breakdown  of  the  vessel  wall. 

hoc hen  and  3aez  conclude  from  their  studies  that  the  vessel  wall 
is  involved  in  thr onto genesis,  but  the  alteration  initiating  the  ad¬ 
herence  of  blood  elements  to  the  vessel  wall  is  not  a  change  in  wetta¬ 
bility.  These  conclusions  seer,  justified  but  not  of  immediate  signifi¬ 
cance.  The  authors  do  point  out  the  interesting  fact  that  the  changes 
in  vascular  reactivity  they  observed  after  laser  irradiation  of  micro¬ 
vessels  were  similar  to  those  observed  following  microelectrieai  stim¬ 
ulation  of  the  hamster  cheek  pouch  vasculature,  which  also  was  followed 
by  thrombus  formation  (30).  This  observation  is  of  interest,  since,  in 
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some  cases  the  electric  field  .icy  be  of  some  importance.  However, 
determination  of  the  fields  in  tissue  are  not  easily  carried  out,  and 
nay  not  correspond  to  those  obtained  by  simple  calculation  for  electric 
fields  in  vacuum.  This  is  particularly  true  since  the  tissue  is  not 
at  the  focus,  and  rapid  defocusing  occurs.  On  the  other  hand,  the 
opposite  reaction,  relaxation  of  vessel  smooth  muscle  following  ex¬ 
posure  of  vessels  to  light  between  250  and  430  mji  in  wavelength,  has 
been  reported  (31 } . 

It  has  been  reported  {22)  that  a  group  of  doctors  at  I-bntefiore 

Hospital  have  been  investigating  the  possible  use  of  a  laser  bear,  to 

create  anastomoses  in  small  vessels.  They  use  a  CuSC  solution  to 

4 

stain  the  area  of  the  vessels  where  the  vessel  union  is  desired;  then 
they  irradiate  this  spot  with  a  neodymium  laser.  However,  suff¬ 

icient  information  for  evaluating  this  technique  is  not  available  at  this 
time,  except  as  reported  below. 

A  report  by  Strully  et  al  on  these  studies  has  been  presented  (33). 

A  donor  and  acceptor  vessel  were  glued  side  to  side.  The  common  wall 
was  then  exposed  to  laser  radiation  by  focusing  through  the  open  end 
of  the  donor  vessel.  There  are  obvious  problems  with  this  method. 

Since  the  dor.or  vessel  must  be  opened  to  permit  penetration  of  the  bean, 
a  knife  or  fine  cautery  could  have  been  just  as  readily  used  to  incise 
the  vessel  vail.  At  the  region  of  impact,  temperature  elevation  occurs. 
This  will  result  in  thrombus  formation  and  blood  coagulation.  The  mat¬ 
erial  which  is  removed  by  the  irradiation  will  result  in  emboli.  Blood 
coagulation  at  the  site  of  irradiation  will  also  result  in  emboli. 
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Ai though  the  technique  has  been  presented  in  the  medical  press  {3 2)  as 
successful,  no  indication  of  this  is  evident. 


h’nile  the  microbcan  is  being  used  for  the  first  tine  in  entom¬ 
ology  and  micro circulatory  research,  microbeans  have  been  used  for 
partial  cell  irradiation  (PCI)  since  1912  (l).  However,  the  intro¬ 
duction  of  the  laser  microbcan  has  stimulated  an  unprecedented  inter¬ 
est  in  PCI. 

Bessis  and  co-uorhers  have  trade  an  e;rtensive  study  of  cell  in¬ 
jury  and  cell  death  (9,11).  Using  lethal  doses  of  laser  radiation,  then 
following  the  irradiated  cell  with  tine-lapse  cinematography,  a  phen¬ 
omenon  referred  to  as  "necrotanis11  (ll)  was  observed,  “f  a  human  red 
or  white  blood  cell  is  irradiated,  as  soon  as  the  irradiated  cell  shows 
any  sign  of  alteration, the  surrounding  leukocytes  travel  toward  it, 
attacking  and  phagocytizing  the  affected  cell.  However,  on  occasion 
the  phagocytizing  leukocytes  wall  consume  only  part  of  the  dead  cell, 
abandoning  the  remaining  portion  of  cell  for  some  unknown  reason  (lO, 


on  a  biochemical  basis,  as  it  may  yield  pertinent  information  on  the 
general  phenomena  of  chenotaicls.  Bessis  has  indicated  that  he  has  been 
exploring  the  possibilities  of  selective  organelle  destruction  via  diff¬ 
erential  staining  to  control  absorption  of  laser  radiation  (10).  How¬ 
ever,  no  data  have  been  presented  to  indicate  successful  differential 


staining  for  destruction  of  specific  cellular  organelles. 

Saks  and  co-workers  at  K.X.U.  have  explored  the  areas  of  micro¬ 
surgery  and  partial  cell  irradiation  with  a  TIG  "i-Hlilaser1'1  micro¬ 
beam  system.  Zariy  in  1963, Saks  and  Roth  (13;)  reported  their  initial 
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studies  with  a  laser  microbean.  They  successfully  cade  openings  of 
approximately  25  microns  in  the  cell  walls  of  the  alga,  Sairorvra. 
without  causing  other  gross  irreversible  oarage .  This  facilitated 
microsurgery  to  be  performed  on  some  internal  structures  of  the  cell 
without  doing  irrepairable  damage  to  the  exterior  cell  wall.  The  laser 
used  for  these  early  studies  had  a  mazarun  energy  output  of  20  nj 
per  pulse  and  a  pulse  width  of  5  n  10“^  seconds;  however,  even  with 
these  energy  levels  it  was  possible,  because  of  the  energy  and  power 
densities,  to  sever  the  chioroplast  helix,  disturb  intracellular  crys¬ 
tals,  and  to  produce  localised  coagulation  of  the  chloroplasts  and 
cytoplasm  Leppard,  has  also  been  able  to  remove  chloroplasts  from 
a  variety  of  plant  cells,  using  a  similar  system  (5).  Saks  and  Roth 
reported  (l3)  that  irradiation  of  the  cell  nucleus  with  an  incident 
beam  energy  of  0.0S  nj  per  pulse  produced  no  discernible  effects.  The 
focusing  of  higher  energy  laser  pulses  on  the  nucleus  resulted  in 
coagulation  and  a  reduction  of  nuclear  volume.  A  grossly  similar 
nuclear  reaction  is  caused  by  ultraviolet  light  (34).  Sales  and  Roth 
(13)  also  found  that  addition  of  a  low  concentration  of  leth- 

ylens  blue  chloride,  which  localises  on  the  cell  wall,  appreciably 
reduces  the  energy  required  to  produce  alterations  1 5-25  ju  in  diameter 
on  the  cell  wall.  Similarly,  irradiation  of  the  chioroplast  helix  with 
0.3-0. 6  nj  resulted  in  coagulation  of  chloroplasts  and  cytoplasm,  loss 
of  turgor  pressure,  and  a  rounding  of  the  nucleus. 

Additional  studies  conducted  by  Sales  et  al  (16,  35)  have  re¬ 
sulted  in  some  improvements  in  technique,  and  have  produced  some  in- 
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with  incident  energy  of  12.5  cj  per  pulse  considerably  altered  the 
cell  wall  at  the  site  of  irradiation.  This  area  provided  a  "window"  in 
tho  cell  wall  through  vMch  niciroipettes  could  be  inserted  to  inject  var¬ 
ious  materials  or  perform  other  micro surgical  manipulations .  Previous¬ 
ly,  the  cell  wall  had  greatly  hindered  microsurgical  experiments  on 
plant  cells,  irradiation  with  581  objective  with  a  201  ocular  (35) 
produced  holes  in  the  cell  wall  of  Natella  thus  permitting  the  inser¬ 
tion  of  a  r.n.cropipette.  (The  nechanicrl  withdrawal  of  the  micro- 
pipette  produced  no re  dasage  than  the  laser  bean. )  The  laser  bean 
minified  by  a  factor  of  14502  in  this  system  fused ^  8—1 6  ?  chloroplasts 
.•’r.d  caused  only  restricted'  local  danage. 

The  effect  of  laser  irradiation  on  i'itella  growth  rates  after  re¬ 
ceiving  1,  3,  5,  or  7  pulses  of  12.5  nj  fron  the  incident  bean,  with 
a  bean  dianeter  of  156  u  (l9.5;u  in  enperinent  2)  was  studied.  A  single 
pulse  produced  browning  and  blackening  of  cell  wall  in  the  target  area 
sinilar  to  that  seen  in  Soirorwra  (l3),  and  chloroplasts  were  dispersed 
or  coagulated  in  an  area  about  64  u  in  dianeter  around  the  target  site. 
Cyclosis  './as  stopped  for  a  period  of  tine  that  increased  with  the  nunber 
of  tines  the  I'itella  was  irradiated.  In  those  I'itella  receiving  only 
a  single  pulser  the  cyclosis  resuned  within  2  to  5  rinutes  after  irrad¬ 
iation,  and  in  those  receiving  7  successive  pulses  of  laser  radiation, 
cyclosis  resuned  within  12  to  15  minute c  following  irradiation.  The 
growth  rate  of  all  the  irradiated  plants  was  less  than  that  of  the  con¬ 
trols;  however,  the  per  cent  decrease  did  not  correspond  to  the  nunber 
of  irradiations. 

Laser  nicrobean  studies  on  Amoeba  aroteus  (16,  35)  ure  of  part¬ 
icular  interest  since  a  nunber  of  ultraviolet  and  high  energy  nicrobean 
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studies  of  Amoeba  have  been  reported  in  the  literature  (2,  3)  •  Saks 
and  his  associates  irradiated  Amoeba  with  laser  pulses  of  20  :aj  and 
100  aj  per  pulse  at  pulse  repetition  rates  of  1  pulse  per  minute  and 
1  pulse  per  3  ninutas,  with  bean  dimeters  of  500 ju,  11 6  u  and  about 
5  ju  (l6,  35).  They  found  Amoeba  to  be  very  resistant  to  laser  radia¬ 
tion  (16);  this  also  occurred  with  other  types  of  radiation  (3).  Saks 
reports  that  following  repetitive  irradiation  of  the  cytoplasm  at  1 
pulse  per  minute  at  20  aj  par  pulse,  the  Amoebae  go  through  a  cycle 
following  each  pulse: 

1.  3rief  latent  or  undisturbed  period. 

2.  Enhanced  forward  cytoplasric  streaming. 

3«  Enhanced  reverse  cytoplasmic  str earing. 

4.  Local  shift  in  sol-gel  equilibrium  toward  solution,  referred 
to  as  “ballooning” . 

5.  Recovery. 

Average  recovery  tine  was  S-9  seconds  (l6).  This  description  of 
the  Amoeba1 s  response  to  laser  microbear.  irradiation  is  similar  to 
that  reported  by  Tchakhotine  in  1935,  after  irradiation  of  Amoeba  ’.nth 
his  2SQ0  ?.  microbeam  (36).  Accumulative  changes  in  the  sol-gel  state 
of  amoebae  resulted  from  repetitive  20  mj  pulses  of  laser  radiation 
(l6).  This  "ballooning11  was  detectable  by  the  progressive  loss  of  the 
ability  to  form  and  maintain  pseudopodia;  in  all  cases  the  Amoebae  were 
able  to  recover  from  this  "ballooning"  phenomenon.  Saks  suggests  that 
this  accumulative  damage  cay  indicate  that  the  lipoproteins  and  proteins 
of  the  sol-gel  system  are  practically  denatured  and  accumulate  with 
repetitive  irradiation. 
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Irradiation  of  amoeba  cytoplasm  with  a  100  mj  incident  laser  beam 
immediately  produced  rapid  solution,  violent  contraction  of  the  v/hoie 
animal,  and  recovery.  Id  the  cytoplasm  was  irradiated  repeatedly  with 
100  aj  pulses  there  was  accumulative  damage.  Frequently,  the  cytoplasm 
in  the  target  area  vas  pinched  off,  and  occasionally  fragmentation  of 


the  amoeba  followed. 
ICO  mi  pulses  caused 
if  the  in^sted  food 
have  reported  (35)  th 
eral  oil,  olive  oil, 
oil  drops  irradiated 
frequently  ejected, 
using  the  20X  ocular 


In  addition,  irraaiation  of  amoeba  cytoplasm  with 
the  specific  ejection  of  food  vacuoles,  especially 
contained  chlorophyll  (16).  Zuzoio  and  Sales 
at  if  amoebae  are  injected  with  microdrops  of  min¬ 
or  olive  oil  containing  Idle  Blue  Sulfate  and  the 
with  the  lloyi  aicro-laser-beaa,  the  oil  drops  are 
However,  irradiation  of  intracytoplasmic  oil  drops 
and  53d  objective  to  obtain  a  minifaction  factor 


of  1450a  (i.e.,  beam  diameter  approximately  5yu)  did  not  elicit  such 
drastic  effects.  There  was  only  an  accumulation  of  cytoplasmic  debris 
at  the  oil-cytoplasm  interface,  without  ejection  of  the  oil  drop,  -f 
the  amoebae  were  vitally  stained  with  hethylene  Blue,  or  idle  blue 
Sulfate  vas  micro  injected  into  the  cytoplasm  after  the  oil  drop  was 
injected,  radiation  from  the  5„u  laser  micrcbeam  usually  produced 
pinching  off  or  ejection  of  the  stained  cytoplasm  and  the  micro-oil 
drop  (J5.).  The  "pinching  off"  of  irradiated  cytoplasm  has  also  been 


observed  following  the  irradiation  of  amoebae  wi 
Sa]:s  and  his  co-vcrhcrs  (l  6,  55.)  also  scuai 
laser  microbeam  on  amoebae  if  only  the  nucleus  w 
peated  irradiation  of  nuclei  with  20  r.j  incident 
spot  sice  produced  behavior  distinctly  different 
whose  cytoplasm  was  irradiated.  Eradiation  of 


tn  a  uv  macro oeas 


(37). 


ea  tne  e.aect  oi 


as  irradiated.  F.e- 
beam  with  a  116/: 
from  those  amoebae 
the  nucleus  resulted 
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in  a  sequence  of  events  beginning  with  the  immediate  inhibition  of 
cytoole.er.ie  streaming.  The  inhibition  of  cytoplasmic  streaming  was 
followed  by  a  reverse  granular  flow  (cytoplasmic  streaming  opposite 
to  that  in  non- irradiated  or  recovered  amoebae).  This  was  followed 
shortly  by  an  enhanced  cytoplasmic  streaming  in  the  original  direction 
or  in  a  different  direction,  -r.  addition,  eolation  and  spasmodic 
cytoplasmic  streaming  was  evident,  and  the  rats  at  which  the  amoebae 
advanced  pseudopodia  wens  reduced,  then  irradiation  was  discontinued, 
the  amoebae  were  able  to  recover  and  reproduce,  if  damage  to  the  nuc- 


Irradiation  of  nuclei  with  ’CO  nj  from  the  incident  beam.  resulted 
in  a  sudden  stoppage  of  cytoplasmic  sreaming  followed  by  violent  rap¬ 
id  solation  and  contraction  of  the  whole  amoeba,  after  which  the  am¬ 
oeba  recovered.  Repetitive  irradiation  of  the  nucleus  with  the  ICC  zj 
incident  beam  caused  irreversible  damage.  This  resulted  in  a  micro¬ 
scopically  effectively  enucleated  amoeba,  although  the  nucleus  was  not 
ejected  by  the  amoeba.  The  amoebae  becams  mere  spherical,  cytoplasmic 
stroamd.r.g  became  limited,  and  pseudopedia  were  not  formed.  The  effects 
are  compared  to  those  following  enucleation  with  a  ndcroneedle.  If, 
however,  the  amoebae  were  vitally  ct<aincd  with  1  .ethylene  Blue,  nuclear 
irradiation  with  the  ICO  m.j  laser  uicrobcan  caused  the  nucleus  to  be 
ejected. 

following  successive  irradiations  (1  to  7)  of  nuclei  and  cytoplasm 
of  amoebae  at  incident  energy  levels  of  about  ICC  mj  and  a  beam 
lloyi  in  diameter,  irradiated  amoebae  were  cloned  with  morn- irradiated 
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controls,  in  order  to  determine  the  effect  of  a  laser  miorobeam  on 
the  miotic  and  growth  rates  of  amoebae.  In  all  cases  the  irradiated 
amoebae  showed  a  decrease  in  miotic  rate  as  compared  to  the  control 
colonies.  The  maximum  decrease  appeared  after  5  pulses  of  laser  rad¬ 
iation.  Five  pulses  also  resulted  in  maximum  decrease  in  the  growth 
rate  of  i'itella  (16). 

Initial  microbean  studies  on  the  formed  elenents  of  the  blood  ::ere 


carried  out  by  Fine,  Klein,  and  cc-wcrkers  ('  4) .  mte  general  morph¬ 
ology  and  amoeboid  movement  of  isolated,  viable  human  granulocytes 
were  not  affected  by  the  6943  a  laser  radiation,  using  a  T?-C-  microscope 
laser  system.  However ,  the  addition  of  Methylene  blue  (final  concen¬ 
tration  I0~yi)  markedly  altered  the  effects  of  irradiation.  Depending 
on  the  site  and  energy  of  irradiation  .  leukocytes  in  Methylene  blue 
solution,  were  partially  or  entirely  fragmented,  and  even  when  a  semblance 
of  structural  integrity  -.-.'as  retained,  amoeboid  movement  was  lost. 
Similarly,  platelets  showed  no  apparent  effects  fr  mm  laser  radiation; 
however,  in  the  presence  of  Methylene  blue,  laser  irradiation  resulted 
in  fragmentation  of  the  platelets  accompanied  by  the  release  or  form¬ 
ation  of  granular  material.  In  contrast,  isolated  viable  hum an  eryth¬ 
rocytes  contracted  into  irregularly  shaped  bodies  2-5 yu  in  width  in 
various  planes  following  irradiation  with  the  laser  microbeam.  These 
observations  are  in  agreement  with  others  who  have  reported  laser 
mm. c rob e am  studies  on  the  formed  elements  of  the  blood  (8,  6). 

Other  data  reported  by  Fins,  Klein  et  al  (14)  was  the-  effect  of 
the  laser  microceam  irradiation  on  alligator  erythrocytes.  Alligator 
erythrocytes  are  elliptical,  approximately  lOyi  x  30  yu  in  size,  and 
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contain  a  nucleus.  They  found  that  irradiation  of  only  the  cytoplasr. 
could  affect  only  the  cytoplasr.  an  the  target  site,  while  the  nor.irrad- 
iated  parts  of  the  cell  regained  relatively  unchanged.  In  contrast, 
irradiation  of  the  nucleus  with  the  las^-r  nicrobcan  caused  the  alli¬ 
gator  erythrocytes  to  contract  into  a  uultilobod  structure  about  l/3 
the  pro-irradiation  sise.  This  observation  is  of  particular  interest 
in  view  of  Sadrs'  report  (16)  that  the  response  of  aroebae  is  rruch  tore 
violent  when  the  nucleus  is  irradiated,  as  opposed  to  irradiation  of 
the  cytoplasr  only. 

It  is  doubtful  that  these  studies  indicate  that  nuclear  integrity 
is  significant  for  naintaining  cellular  integrity.  The  difference 
in  the  effects  produced  is  probably  due  to  differences  in  the  absorn- 
ticit  characteristics  of  the  tissues,  in  particular,  differences  between 
the  cytoplasnic  and  nuclear  constituents.  Although  various  constituents 
nay  have  si. him  absorption  characteristics,  tire  relative  concentration 
of  these  would  affect  the  tonal  energy  absorbed  per  unit  voiuv.e.  ^t 
should  be  noted  that  although  bear,  energy  ueasurew-ents  were  race  in 
so.ue  instances,  actual  absorption  reasurorents  were  not  carried  out. 
Absorption  nsasursrents  would  be  particularly  difficult  to  carry  out 
at  high  peak  power  densities  on  single  cells,  since  such  factor’s  as 
reflection  and  scatter  rust  be  considered.  Turtherzcre,  the  bean 
gecnetry  is  not  constant,  but  varied  znrkedly,  both  with  distance  frera 
ahe  focal  point,  and  with  scatter  and  absorption.  Tire  spot  sises  dis¬ 
cussed  nust  be  considered  as  appro:cuaate ,  since  it  is  based  on  effects 
cr.  a  specific  zazarial  that  is  used  as  a  saandard.  It  probably  rep¬ 
resents  an  area  of  relatively  high  power  density. 
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It  is  probable  that  a  acre  sophisticated  sy star,  would  provide  a 
more  satisfactory  microbean  geometry  for  sons  purposes.  The  system 
would  consist  of  a  set  of  leases  which  would  converge  the  bear,  into  a 
relatively  parallel  bear  ouch  smaller  in  diameter  than  the  original 
bear.,  and  would  be  independent  of  the  optical  system  of  the  micro¬ 
scope.  A  system  of  this  type  could  incorporate  either  gas,  semicon¬ 
ductor  or  solid  state  lasers.  It  v/ould  have  the  disadvantage  that  the 
energy  density  would  be  constant,  whetsas  with  a  focused  system,  the 
energy  density  can  be  low  relative  to  the  energy  density  in  the  region 
of  interest.  However,  since  the  focal  point  of  the  microscope  laser 
system  and  the  location  of  the  target  do  not  coincide  exactly,  the 
region  of  mgsdjr.ua  intensity  of  the  beam  is  not  at  the  point  in  focus 
through  the  microscope,  and  is  difficult  to  compensate  for,  rapidly 
and  easily.  A  relatively  parallel  beam  of  very  small  cross  section 
would  also  be  difficult  to  maintain  ir.  air,  over  any  distance  and  time, 
because  of  the  high  field  strengths  and  consequent  irritation  produced. 

lasers  have  been  successfully  combined  with  microscopes  for  use 
in  other  areas  of  biological  research  including  the  study  of  cell 
respiration  (38 ) ,  embryology  ('2,39) and  emission  spectroscopy  (40/.  These 
applications  are  covered  in  greater  detail  in  other  sections  of  this 
retort.  Laser-microscope  units  have  also  been  developed  for  such  in¬ 
dustrial  spoil cations  as  micro-welding  and  micro-drilling  (41,  42). 
These  units  are  operational  now  .  However,  such  applications,  though 
interesting,  ore  not  of  sufficient  biological  importance  to  be  con¬ 
sidered  in  detail  here.  Hazards  associated  with  these  units  will  re¬ 
quire  further  study. 
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of  '..'itt  and  his  associates  (24)  on  spider  behavior  have  shown  that  the 
laser  eicrobeam.  can  be  a  valuable  tool,  r.ct  cr.lv  in  ento.-joio-gy,  but  nor 
importantly  in  the  per. oral  area  cf  animal  behavior,  cassis  studies 
(lO,  1l)  on  cell  injury  and  cell  death  could  previa e  infor.ratior.  or. 
the  ..mechanism.  cf  chenc  oasis. 

ears 1  v.’or::  with  Soiro?~f a  and  l.atella  ("ip,  '6)  have  ably  denon- 
s traded  the  usefulness  of  the  laser  icrobsun  in  microcurpery.  The 
studies  or.  alligator  erythrocytes  by  Tine  and  hi  sir.  (14)  and  cars  stud¬ 
ies  on  amoebae  ('<6}  have  given  at  least  seas  indication  that  partial 
cell  laser  irradiation,  to  study  the  importance  of  various  subcellular 
organelles,  is  feasible.  however,  no  one  has  yet  demonstrated  a  means 
cf  carrying*  out  selective  destruction  of  specific  orpanelles.  The  use 
of  specific  dyes  has  been  suggested  (l?),  but  data  has  not  been  re¬ 
ported.  Bassis  stated  that  he  has  successfully  destroyed,  in  a  sel¬ 
ective  manner;  mitochondria  after  staining  with  Janus  preen,  and  polpi 
bodies  dyed  with  Tile  blue;  hev/ever,  r.c  data  are  yet  available  for  eval 
nation.  Other  possible  means  of  selective  destruction  of  cell  orpan¬ 
elles  include  the  use  of  lasers  vita  outputs  at  specific  frccue.icies 
corresponding  to  some  absorption  band  of  a  compound  contained  only  in 
one  particular  type  of  orpancile .  .mother  pecaibili  :y  vh_ch  s.'.ould  be 
considered  is  the  use  of  polarised  laser  micro's  earn  esad  the  principles 
of  photo selection  (43)  to  take  advantape  of  the  birefringence  observed 
in  certain  protein,  (44)  end  in  some  nuclear  TIT.  (45).  In  relation  to 
the  concept  of  selective  destruction  it  would  be  of  interest  to  carry 
out  further  studies  to  confirm,  falls 1  observation  that  very  small  beams, 


2  jj.  or  less,  prcauce  only  confanea,  Ioca_aaea  carnage  an  me  ca-ea  01  tne 
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uurget  site. 

The  technique  could  be  or  value  in  determining  the  mechanisms 
involved  in  the  interaction  of  laser  radiation  with  biological, 
systems.  Since  there  is  a  good  background  of  nicrcbean  research, 
using  other  sources  cf  radiation  (2,  3)  it  nay  be  possible  to 
compare  the  effects  of  other  types  of  radiation  with  the  effects 
caused  by  laser  nicrobeams  on  selected  organises  or  coupon ears . 

It  would  also  ha  relatively  easy  to  do  comparative  studies  at  a 
cellular  level.  The  value  of  nicrobaan  studies  in  elucidating 
effects  on  the  intact  aninal  is  partially  indicated  by  the 
nicrovascula?  studies  of  Sochen  and  Hues  (2o,  23)  and  Tine,  Hein, 
et  al  (14  ),  which  denonstrated  the  ability  of  lasers  to  produce 
vascular  changes,  including  hemorrhage  and  thrombosis. 

The  cost  of  laser  microbean  units  for  research  would  vary 
between  $3, COO  and  $25,000  depending  on  the  complexity  of  the 
microscope  laser  system,  and  the  associated  equipment  including 
micromanipulators,  TV  viewing  facilities,  end  r  scoring  cameras . 
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Embryology 

The  blastoderm  of  unlncubated  fertile  chicken  eggs  were 
irradiated  with  a  ruby  laser  rated  at  0.1  joule  output  laser 
energy  by  Lang  et  al  (1).  The  beam  was  focussed  to  blastoderm 
size  by  a  lens,  Che  focal  length  of  which  terminated  at  embryonic 
depths  within  the  eggs.  Irradiation  of  the  blastoderm  in  these 
cases  required  penetration  of  the  shell,  shell  membrane  and 
several  millimeters  of  albumin.  Following  incubation  for 
22  days,  deformities  including  splay  legs,  a  club  foot  and 
visceral  protuberance  were  obtained.  Further  experiments  were 
carried  out  by  windowing  the  eggs  with  a  sterile  cover  3 lip 
to  facilitate  direct  focussing  of  the  laser  on  the  blastoderm. 

All  controls  that  survived  to  72  hours  were  normal.  None  of 
those  receiving  2  shots  of  the  "low  energy"  beam  appeared  normal. 
Only  the  heart  and  associated  vessels  were  identifiable  as  a 
tissue  organ  system  following  irradiation,  the  other  embryonic 
structures  could  be  identified  only  in  traces. 

These  results  indicated  that  teratogenic  effects  could  be 
produced  at  6943  a,  at  laser  power  and  energy  levels.  The  input 
energy  to  the  laser  at  which  the  irradiations  were  carried  out 
are  listed.  However,  since  lasers  have  a  threshold,  and  are  essent 
ially  non-linear  insofar  as  output  versus  input  is  concerned,  the 
energy  of  irradiation  requires  documentation,  for  more  meaningful 
future  studies.  There  is  no  indication  that  the  refractive 
index  of  the  media  was  taken  into  account  on  focusing.  The 
measurement  of  scattering  in  this  heterogeneous  system  is  difficult, 
These  factors  would  affect  the  energy  and  energy  density  incident 
on  the  blastoderm.  Since  the  number  of  eggs  used  was  relatively 
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small,  the  statement  that  the  number  of  deformities  (expressed 
as  percentage  of  eggs  irradiated)  is  roughly  proportional  to 
the  energy  received  by  Che  eggs  requires  further  data  and  study. 
It  is  interesting  that  at  high  energies  the  number  of  eggs 
hatching  (45.4%)  was  almost  equivalent  to  chat  of  the  control 
50%.  At  much  lower  energy  output  levels  the  number  hatching 
was  significantly  less.  Its  significance  relative  to  the 
deformities  produced  required  further  consideration.  This 
was  essentially  an  excellent  preliminary  report  and  it  is 
presumed  that  more  extensive  studies  will  be  carried  out. 
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In  the  19th  century  two  concepts  formed  an  Important  back¬ 
ground  for  work  in  the  field  of  experimental  embryology.  These 
concepts  were  the  concept  of  mosaic  development  as  advanced  by 
Roux  in  1888  and  the  concept  of  totipotency  as  advanced  by 
Dueseh  in  1894.  The  first  of  these  led  to  the  studies  on 
localization  and  mapping  of  prospective  areas  by  Vogt  1925  (et  al) 
while  the  second  led  to  the  production  of  postulates  defining 
totipotency.  Experimental  evidence  led  to  the  realization  that 
a  series  ranging  from  absolute  mosaic  development  to  absolute 
totipotency  existed  rather  than  either  extreme. 

Morgan  in  1895  found  that  inversion  of  the  amphibian  egg 
or  removal  of  the  damaged  blastomere  would  preclude  mosaic 
development.  Studies  were  conducted  by  Spemann  in  1938  on  the 
potentialities  and  interrelationships  of  the  two  halfs  of  an 
egg.  The  emphasis  of  the  studies  thus  shifted  from  the  potency 
to  the  mechanics  of  organization  during  development.  Nicholas 
and  Hall  and  Tarkawski,  carried  out  studies  on  isolation  of 
mammalian  bias corner es. 

/ 

Laser  studies  were  carried  out  by  Daniel  and  Tajahashi  (2) 
Fertilized  ova  from  rabbits  were  flushed  from  the  ova  ducts 
with  F-10  culture  medium  and  collected  in  sterile  watchglasses . 
k  2-cell  3 cate  wa3  obtained  at  22  to  26  hours  postcoitum  a 
4-cell  stage  at  30  to  34  hours  postcoitum,  and  8 -cell  state 
at  38  to  42  hours  postcoitum  and  a  16-cell  stage  at  46  to  52 
hours  postcoitum.  (Cleavage  was  irregular  after  the  4-cell  stage). 
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The  ova  were  stained  with  methylene  blue  in  a  concentration  of 
0.05  mg.  per  cc.  which  was  previously  determined  to  be  nontoxic 
to  the  ova  insofar  as  cleavage  is  concerned.  Following  staining, 
the  ova  were  washed  once  in  s cain-free  medium,  supported  in  a 
hanging  drop  of  medium,  positioned  under  a  microscope,  and  a 
single  bias  comer a  brought  into  focus.  Following  lasing  of  the 
blastomere,  (at  3  millijoules  output  from  the  microscope)  it 
collapsed  within  minutes  into  a  amorphous  mass.  Generally, 
each  blastomere  wes  lased  separately.  As  the  zona  was  not  broken, 
both  the  destroyed  and  the  surviving  normal  blastomeres  were 
retained  within  it.  Following  irradiation,  the  ova  were 
cultured  _in  vitTO. 

Cleavage  of  the  surviving  blastomeres  were  noted,  and 
followed  until  controls  of  unlased  ova  reaches  the  32-to64-cell 
stage.  At  8-and-16-cell  stages,  it  was  difficult  to  obtain 
sufficient  isolation  between  the  cells  on  lasing.  In  three  cases 
they  did  manage  to  destroy  all  but  one  cell  in  the  16-cell  stage. 

The  output  energy  was  measured  with  a  ballistic  thermocouple. 

Following  irradiation  at  exit  energies  from  the  microscope 
of  3  millijoules,  the  unlased  cell  assumed  a  more  spherical 
shape,  considered  as  possibly  due  to  decreased  pressure  on  it 
by  its  cobias tomeres.  (However,  the  alteration  in  the  chemical, 

as  well  as  physical  environment  must  be  considered  in  explaining 
this  effect). 

Cleavage  of  the  surviving  blastomeres  occurred.  The  surviving 
blastomere  in  the  2-cell  stage  cleaved  regularly  to  produce  16  cells 
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in  che  4-cell  stage  to  produce  8  cells,  and  the  8-cell  stage  to 
produce  16  cells,  buc  not  regularly.  In  che  16-cell  stage,  che 
surviving  blastomere  cleaved  once  in  one  case,  and  in  the  other 
two  cases,  twice.  With  decreased  staining  or  irradiation 
energy,  a  general  slowing  of  the  race  of  cleavage  occurred.  In¬ 
hibition  of  cleavage  by  visible  light  has  previously  been 
reported  by  Daniel  (3). 

Attempts  were  made  to  calculate  the  temperature  pattern 
within  the  cell,  assuming  a  homogeneous  energy  absorption.  The 
effects  were  considered  as  primarily  thecal,  rather  chan  due 
to  electric  fields. 

The  result  indicated  chat  a  surviving  rabbit  blastomere 
may  grow  and  divide  as  well  in  vitro  as  intact  ova.  The  authors 
indicate  chat  it  does  not  show  independent  totopotency  of  one 
of  che  first  eight  or  of  che  first  sixteen  blastomeres  of  the 
rabbit.  Reference  is  made  to  Seidel  who  has  obtained  a 
narmal  viable  young  rabbit  following  .transplantation  of  an 
ovum  after  destruction  of  one  of  the  first  two  blastomeres  with 
a  hoc  needle  (4) . 

The  possible  use  of  a  laser  as  a  tool  in  embryology  has  been 
described.  It  may  possess  advantages  over  a  hot  needle  which 
has  been  used  for  destroying  blastomeres.  Although  alpha 
particle  irradiation  can  be  attempted,  its  penetrability  is 
poor.  Ultrasonic  radiation  probably  cannot  be  easily  focussed 
to  irradiate  a  small  region  without  damage  to  adjacent  areas. 

Since  low  energy  is  required,  the  use  of  gas  lasers  may  provide 
a  more  satisfactory  method,  since  they  can  be  focussed  co  a  smaller 
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spot  size,  and  pernic  Che  use  of  ocher  wavelengths.  This  say 
permit  selective  destruction  without  staining,  or  with  less 
staining  than  used  in  the  above  studies. 

^  Studies  by  Sdlow  ec  al  (5,6)  were  undertaken  to  determine 

whether  laser  Induced  alterations  could  be  produced  in 
mammalian  embryos  and  fetuses  directly  _in  utero  without  rupture 
r  .  of  the  uterus  or  leakage  of  Che  amniocic  fluid,  and  if  this 

should  be  possible,  to  characterize  the  nature  of  fetal  tissue 
response  to  localized  injury. 

Localized  lesions  were  produced  in  the  mammalian  rat 
embryo  and  Che  fetus  following  focussed  laser  irradiation 
(6943&,  millisecond,  pulse  duration)  through  the  intact 
uterus  which  was  delivered  through  a  ventral  abdominal  incision. 

An  intrauterine  fetal  lesion  was  produced,  although  not  in  all 
cases,  withouc  rupture  of  the  uterus  and  amniotic  sac,  and 
without  gross  leakage  of  amniotic  fluid.  In  some  cases,  the 
uterus  was  opened  following  irradiation  and  the  fetal  lesion 
examined  grossly  and  microscopically.  In  ocher  instances,  following 
irradiation  lace  in  gestation,  it  was  possible  to  produce  a 
localized  lesion  in  a  fetus  in  utero  which  was  similar  to  a 
lesion  observed  in  one  of  the  litter-mates  when  the  pregnant 
animal  delivered  normally  per  vaginum  36  hours  later.  In 
some  of  the  embryos,  resorption  was  observed  several  days 
following  irradiation. 

Generally,  fetal  lesions  were  significantly  larger  and  more 
intense  than  those  produced  earlier  in  gestation.  Microscopic 
examinations  of  the  fetal  lesions  showed  dilation  of  vascular 
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channels  with  narked  congestion  and  extensive  disruption  and 
fragmentation  of  fetal  tissue.  These  changes  were  especially 
prominent  at  the  boundaries  or  surfaces  between  adjacent  and 
frequently  dissimilar  tissues.  These  included  the  interface 
between  cartilage  and  muscle,  muscle  and  skin,  muscle  and 
subcutaneous  tissue,  and  skin  and  subcutaneous  tissue.  The 
latter  tissues  were  most  frequently  involved.  Maximum  disruptive 
lesions  appeared  in  the  plane  of  the  laser  beam.  Fetal  skin 
showed  no  evidence  of  carbonization.  The  skin  of  one  fetus, 
however,  showed  epidermal  coagulation.  The  skin  of  several 
others  showed  in era- epidermal  edema  with  marked  pyknosis  of 
the  nuclei  of  reserve  cell  layers.  All  of  these  lesions  were 
in  the  tract  of  the  laser  beam.  On  several  occasions,  marked 
histopathologic  alterations  occurred  in  internal  viscera  in  the 
path  ofi  the  laser  beam.  This  involved  necrosis  of  hepacic 
parenchymal  cells  in  two  fetuses  and  intense  but  focal  pulmonary 
congestion  in  another. 

The  importance  of  factors'  such  as  tissue  and  organ  interfaces 
of  differing  physical  and  chemical  properties  and  of  possible 
pressure  waves  associated  with  changes  in  phase  within  the 
tissue  were  considered. 

Localization  of  the  sice  of  irradiation  presented  a 
problem.  The  possibilities  of  obtaining  better  localization 
especially  in  embryos,  with  the  use  of  normal  pulse  duration 
or  Q  switched  lasers  coupled  through nicroscopes ,  with  suitable 
focal  length  objectives  was  indicated. 
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These  studies  by  Edlov  et  al.  indicated  that  production  of 
localized  lesions  in  a  mammalian  fetus  through  the  intact 
uterus,  by  laser  radiation  could  be  acheived.  The  comparative 
response  to  local  injury  by  fecal,  neonaeal  and  adult  animals 
is  of  basic  interesc,  and  is  being  currently  pursued. 

It  is  not  possible  to  well  localize  and  delineate  the 
interaction,  because  of  problems  of  visualization  and  the 
inherent  properties  of  the  radiation  and  target.  Measurement 
of  actual  energy  and  energy  densities  within  the  tissues 
will  continue  to  present  problems.  The  effect  of  anaesthesia 
must  be  considered.  Localized  irradiation  and  surgical  procedures 
on  the  rat  embryo  in  early  pregnancy  is  probably  not  feasible. 
Other  mammalian  species  may  provide  a  better  basis  for  production 
of  localized  superficial  lesions  in  the  embryo  and  fetus  with 
minimal  injury  to  the  uterus,  ammion  and  other  tissue. 

The  method  may  prove  superior  to  that  of  the  hot  needle, 
if  techniques  for  localization  can  be  achieve.  It  will  have  to 

be  compared  with  results  obtained  with  ultrasonic  irradiation 

/ 

of  fetal  tissue. 
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Studies  on  intact  animals  are  required  for  an  understanding 
of  the  in  vivo  interaction  of  2ny  agent,  whether  it  be 
physical,  chemical  or  biological  in  nature.  Animal  studies 
provide  data  which,  in  addition  to  their  inherent  significance, 
form  the  basis  for  stucies  in  humans.  Further  information 
concerning  the  phenomena  observed  is  obtained  by  studies 
on  biological  systems  in  vitro,  such  as  isolated  molecules  of 
biochemical  significance,  separated  tissue  components,  or 
tissue  preparations,  and  model  systems.  Studies  on  experiment¬ 
ally  induced  pathological  states,  such  as  transplanted  tumors 
in  animals  become  meaningful  when  compared  to  studies  on  the 
normal  state,  as  determined  by  che  vivo  and  in  vitro  investiga¬ 
tion.  Some  of  the  information  gained  may  then  provide  a 
background  for  application  to  clinical  problems  in  man.  When 
r.av  modalities  become  available  for  bio-medical  research, 
problems  arise  due  to  the  lack  of  background  information  such 
as  is  available  in  established  fields  of  research.  This  lack 
of  information  may  be  more  readily  replaced  by  unfounded 
hypotheses  than  can  be  introduced  into  areas  which  have  been 
circumscribed  by  serious  scientific  efforcs.  At  the  same  time, 
it  is  more  difficult  to  evaluate  investigational  approaches 
in  a  new  field  because  specific  and  definitive  background  data 
is  lacking. 

The  clinical  scientist  is  usually  unfamiliar  with  the 
general  aspects  of  the  interactions  of  physical  agents  with 
biological  systems.  The  physical  scientist,  in  turn,  who  has 
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hid  limited  contact  with  biological  studies  is  not  cognizant  of 
the  problems  involved  in.  biological  and  clinical  research. 

Sana  of  tha  literature  directed  towards  the  clinical 
aspects  of  laser  radiation  discuss  preliminary  results,  in  which 
minimal  consideration  is  -  given  to  preceding  or  concurrent,  animal 
studies.  Verbal  presentations,  either  given  at  meetings  or 
through  the  medium  of  news  releases  without  the  benefit  of 
scientific  editorial  review  have  resulted  in  the  dissemination 
of  some  but  not  all  factors  associated  with  the  observations, 
and  thus  have  provided  a  basis  for  misinterpretation.  Even 
whan  presented  through  acceptable  channels  of  scientific, 
communications,  a  more  orderly  sequence  of  studies  would  be 
desirable.  Thus  a  number  of  reports  on  studies  of  laser  effects 
on  experimental  tumors  would  have  benefited  from  preceding  or 
accompanying  studies  on  normal  animals.  Since  many  experiments 
were  performed  with  prototype,  unreliable  equipment  ,'  some 
studies  were  not  well  controlled,  and  cannot  be  statistically 
evaluated.  Interpretations,  extrapolated  from  few  observations 
may  ba  lacking  in  scientific  information.  The  overall  effect, 
therefore,  is  not  only  a  failure  to  provide  scientific  information 
but  car.  result  in  sisori-amtation  of  future  work,  including 
extensions  to  clinical  applications  which  may  not  be  as  meaningful 
pursued  as  would  otherwise  ba  possible  and  which  may  lead  to 
unjustifiable  hazards  to  patients. 
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Por  these  reasons,  ’.:hich  are  being  documented  throughout 
this  report,  studies  on  nor— t.1  animals  require  particular 
attention,  'lie  general  purpose  of  these  studies  nay  be  suss- 
narised  as  ioHovs : 

1 .  To  investigate  the  short  tern  ana  long  tern 
effects  of  the  interaction  of  laser  radiation 
with  sldhi  and  underlying  nornal  and  tuuor 
(discussed  separately)  tissue. 

2.  To  determine  thresholds  for  gross  and  histo¬ 
logical  changes. 

3.  To  evaluate  the  hazards  associated  with  laser 
radiation. 

4.  To  orient  subsequent  studies  of  the  biological 
interaction  of  laser  radiation  as  available  at 
present  and  in  the  future  with  biological 
systems,  both  in  vivo  and  in  vitro. 

5.  To  provide  a  basis  for  clinical  applications  of 
laser  radiation. 
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and  chemical  ejects  (7,9-14,16-19,  21- 2k  )  of  che  inter¬ 

actions  of  lassr  radiation  vith  biological  systers.  lost  of 
these  studies  were  c serried  out  ’..1th  pulsed  lasers  at  6943  X 
sad  1G6C0  .1.  h::ploratsry  (as  yet  unreported )  studios  on  tore 
that  ICO  mimic  ’.:ere  carried  out  ’..1th  an  ionised  (continuous) 
argon  laser  at  cover  levels  of  up  to  5  v.-atts.  Prelirinary 
studies  '.;ere  carried  out  ’.1th  continuous  Ga  Is  sericcnductor 
lasers  in  the  'CO  rillivatc  range  vhich  wore  constructed  and 
adapted  at  Northeastern  University  for  biological  verh.  Bio¬ 
logical  studies  '.1th  radiation  obtained  from  C.N.  Ke-Ne  (l  rv 
at  6320  A)  and  lev  cover  pulsed  Nitrogen  pas  lasers  (3477  i) 
did  not  shot;  changes  in  the  in  vivo  oysters  under  investigatio: 

In  the  studies  with  pulsed  solid  state  lasers,  the  para- 
neters  of  the  radiation  vere  varied  to  the  eertent  feasible  at 
the  tire,  energy  levels  ranged  fror  the  rilli joule  level  to 
rore  than  1CC0  joules  per  pulse.  Corresponding  cover  levels 
ranged  frer  the  vatt  region  to  rore  than  500  Iff  nor— T.-svitched 
and  rore  than  5C0  l-Z-1  f— switched.  Corresponding  energy  and 
cover  densities  depended  on  the  laser  crystal  sise,  on  vhether 
the  radiation  vas  focussed,  defocussed  or  unfocusoed.  Cover 
densities  for  in  ercess  of  1  gigavatt  per  cr^  could  be  at¬ 
tained.  Novever,  air-breahdovn  near  she  focal  point  rust  be 
considered  in  arriving  at  actual  cover  densities  attained.  In 
their  studies,  no  attempt  vas  rare  to  control  laser  spiling, 
colarisacion  of  the  outsat  bear,  or  Dulse  share.  Pulse  receti- 
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Taa  microscopic  changes  of  laser-induced  skin  lesions  differ  from  chore 
produced  by  che  application  of  a  source  of  hero  co  che  surface.  (1,11,16,25) 

The  diff erer.cial  effaces  procured  by  loser  radiation  with  differenc  cissue 
co~.por.encs  ’.Jar a  considerable  sore  curbed  chan  chose  cue  co  che  application 
of  low  power  cor.duccive  heac.  The  difference  betwaan  lesions  produced  by 
cor.duccive  hear  (or  aieccrocaucery)  and  laser  radiacior.,  respeccively, 
suggested  chac  che  cricical  faccors  eight  be  asscciaced  with  che  shore  pulse 
duration,  high  peak  power  and  peak  power  density,  as  ’.jell  as  thermal  properties 
and  diathermancy  of  che  tissue.  Phase  transformations  and  secondary  inter¬ 
actions  due  to  changes  in  wavelength  or  emission  of  particulate  matter  also 
require  consideration  in  this  respect. (11,  16,  17)  In  discussing  their 
findings.  Fine  ac  al  (1)  suggested  that  for  purpose  of  analysis,  the  energy  could 
be  regarded  as  being  daliverad  in  the  form  of  an  impulse. 

The  relative  mildness  of  the  superficial  skin  lesions  did  not  correlate 
with  the  marked  severity  of  che  associated  deeper  lesions  following  laser 
irradiation,  (1,  15)  while  lesions  produced  by  conductive  hect  and  electrocautery 
showed  relative  uniformity  of  the  degree  of  damage  in  the  various  tissues  to 
which  it  was  applied,  with  some  attenuation  with  depth.  The  observations  on 
the  disparity  between  the  degrees  of  injury  produced  in  different  tissues  by 
laser  radiation  ware  subsequently  demonstrated  and  ontenced  by  studies  at 
higher  energy  (11,16)  and  peak  power  levels  (5)  end  at  relatively  high  pulse 
repetition  frequencies  (16).  The  authors  report  the  various  levels  of  total 
energy,  but  do  not  indicate  the  relationship  between  the  energy  used  and  che 
specific  type  of  effect  observed.  Studies  on  tissue  reflectivity,  which  may  be 
pertinent,  were  not  discussed. 


i  00 


1 


you id  be  uni lively  no  nave  produced  che  results  described  above  (i.e. 
"through  and  through  tissue  destruction")  ic  is  probable  chat  the 
beam  was  focused.  Tine  pathological  changes  in  a  cne  hour  specimen 
are  described.  Further  information  would  be  desirable  regarding 
the  variations  in  different  animals,  and  whether  the  skin  was 
shaved  or  depilated.  The  gross  or  microscopic  studies  of  the  lesion 
immediately  following  irradiation  and  at  intervals  them—  ter  would 
be— — 'biter  interest.  The  description  of  the  one  hour  specimen 
deals  with  the  microscopic  appearance  of  the  lesion.  The  statement 
"through  and  through  destruction"  describes  one  aspect  of  the  gross 
appearance  which  appears  to  indicaca  that  marked  changes  were  present. 
In  the  description  of  the  microscopic  examination  the  changes  in 
the  blood  vessels  or  the  cartilage  and  perichondrium  would  be 
of  interest.  These  early  observations  (1962)  appear  to  be 
preliminary  to  more  complete  studies. 

Halwig  et  al  (20)  reported  detailed  and  ccmful  histologic¬ 
al  studies  on  laser  induced  changes  of  structure  ar.d  enzyme 
activities  in  the  skin  of  pigs  over  a  range  of  energy  levels. 
Irradiation  was  carried  out  at  levels  of  1  to  40  joules  at  a 
pulse  duration  of  the  order  of  1.5  millisecond.  Energy  at  each 
exposure  was  monitored  by  beam  splitting  devices,  the  fraction 
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3  joules  focused  on  an  area  2  sc.  in  diameter  of  slda  surface  re¬ 
sulted  in  a  narked  decrease  of  SDK,  LDH,  DPi'-diaphorase,  and  T?W-dia- 
phorase  activities  at  both  the  30  sin  and  24  hr  intervals  that  uas  con¬ 
fined  to  the  area  of  anatomically  altered  epidersal  cells  and  ad¬ 
jacent  structurally  norsal  cells.  The  sane  energy  focuses  on  an 
area  4  cm  in  dianeter  resulted  in  a  broader  area  of  decreased  enzyme 
activity;  however,  the  decrease  in  activity  was  not  apparent  until 
the  24  hr  interval  and  no  structural  changes  were  found.  The  delay 
in  loss  of  heat  labile  enzymatic  activities  would  indicate  to  the 
reviewers  that  this  was  due  to  secondary  effects,  rather  than  to 
.  primary  thermal  effects  resulting  in  heat  denaturaticn,  which  should 
have  been  apparent  much  earlier. 

An  exposure  of  11-12  joules  resulted  in  a  loss  of  enzyme 
activity  in  the  epidermis  for  SDK,  LDH,  DPi'-diaphorase ,  and  TPII-dia- 
phorase  at  both  tire  intervals.  When  -the  area  of  e:mosure  was  2m 
in  dianeter,  the  decreased  enzyme  activity  was  confined  to  a  snail 
area  of  the  epidermis  with  an  abrupt  transition  between  the  adjacent 
area  showing  relatively  strong  activity  and  the  zone  of  diminished 
enzyme  activity.  When  the  area  of  emposure  was  4  mm  in  diameter 
there  was  a  focal  loss  of  SDK,  LDIi,  DPli-diaphorase,  and  TPl’-diaphorase 
activities  in  the  epidermis.  Zones  of  structurally  normal  cells 
having  strong  enzyme  activity  were  interspersed  with  the  areas  of 
decreased  or  absent  activity.  Alterations  of  IDK  and  G-c?-d  activities 
in  adrenal  structures  were  not  encountered  with  any  of  the  energies 
used  up  to  and  including  12  joules. 
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The  authors  (^q  )  believe  the  laser  lesions  are  comparable 
to  thermal  injury  in  pic;  shin.  This  comparison  and  the 
equations  quoted  will  be  discussed  by  the  reviewers  in  another 
section  of  this  report. 

The  authors  surest  (3°  )  that  the  laser  induced  lesions  in 
the  skin  can  be  explained  without  bringing  other  physical  effects 
into  play.  The  magnitude  of  the  predicted  thermal  effects  are 
further  considered  as  limiting  the  detectability  of  other  physical 
or  biologic  effects.  This  conclusion  is  based  on  studies  at  the 
energy  and  power  levels  used  in  the  specific  system  examined 
(pigskin).  At  other  energy  and  power  levels,  or  in  other  biologi¬ 
cal  systems  (i.e.  frontal  area  of  the  head  of  the  rouse)  other 
physical  and  biological  effects  become  detectable,  which  cannot 
be  explained  on  the  basis  of  the  usual  thermal  factors  without 
change  of  phase.  Consequently,  it  would  not  be  possible  to 
extend  the  thermal,  hypothesis  (even  if  correct^  applied  to  these 
studies,  to  general,  conclusions  which  would  be  applicable  to 
biological  effects  of  laser  radiation  under  varied  experimental 
conditions. 
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Detailed  pathological  studies  of  the  effects  of  laser 
radiation  on  the  siin  and  underlying  structures  of  she 
abdocinhl  vail  were  reported  'ey  laor,  Siapson,  Hein  and 
line  (  25  ) .  Heir  studies  are  included  in  full,  since  the 
publication  which  is  currently  in  press  will  not  be  avail¬ 
able  for  sore  tine. 

lost  of  the  studies  (described  below)  were  carried  out 
with  single  pulses  obtained  iron  ruby  crystal  lasers  (9.5 
rod  dianeter)  operating  at  a  wave  length  of  6943  A,  at  energy 
levels  of  3-100  joules  per  pulse  and  at  pulse  durations  of  the 
order  of  1  ~  i  i  second  -  Correspondingly  larger  ruby  laser 

units  were  used  at  higher  energy  levels.  Sere  studies  were 
carried  ouu  with  needyniun  in  glass  units  operating  at  a  wave 
length  of  10,600  2  and  at  energy  outputs  ranging  iron  300  to 
"00  joules  per  pulse.  The  radiation  was  unfocussed  or  focussed 
to  a  spot  sice  of  1-2  ur.  at  the  si  in  surface  by  a  siuple  lens 
systcr..  His  spot  sice  was  deuerrined  by  transill'urination 
through  the  crystal,  and  is  not  necessarily  the  spot  sice 
attained  with  she  laser  radiation.  Swiss  (white)  and  0  57 
(blaci)  rice  cf  various  ages  and  both  sexes  were  used.  He 
arinals  were  anesthetized,  the  hair  clipped  and  the  area  depil¬ 
ated  clerically  prior  to  irradiation.  The  aainal  was  when 
nounted  on  an  optical  bench  to  facilitate  align— ent  -,.ith 
the  lens  systen  and  the  direction  of  radiation.  A  light 
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beer.  was  projected  through  the  art. 3  of  the  laser  crystal  to 
assist  ir.  localisin'  the  irradiation  site  on  the  rouse.  The 
laser  to  target  distance  was  measured. 

hnirals  -./era  sacrificed  immediately  following  e::posure 
and  at  intervals  thereafter  ranging  iron  1  hour  to  2b  days. 
There  was  a  minimum  of  4  animls  in  each  group  (Table  I: 
Groups  1,  4,  5).  The  animls  were  autopsies,  c::cept  for  66 
irradiated  rice  and  non-irradiatad  controls  '.'hie a  were  hept 
for  life-tine  follow  up.  Gone  of  the  observations  (Table  I: 
Groups  3,  7,  9)  could  not  be  further  pursued  as  they  were 
obtained  fron  exploratory  studies  carried  cut  with  laser 
devices  at  early  prototype  stages  ox  devslopner.t.  These 
devices  were  prirarily  intended  for  developmental  uses  other 
than  biomedical  investigations.  Their  availability  was 
therefore  United.  Despite  the  snail  nunber  of  animals 
in  these  groups,  the  information  not  otherwise  available 
wfas  pertinent  and  is  included. 

Since  data  on  thermal  injury  in  rh.ee  was  not  readily 
available  in  the  literature,  2Z  lesions  were  induced  by 
ronor  bipolcr  electrocoagulation  for  compasison  wdth 
the  effects  of  laser  radiation,  lie  cautery  needle, 
through  the  skin  to  the  underlying  tissue,  was  applied 
manually  for  the  minimum  possible  tine.  Ten  other  lesions 
were  induced  by  a  sneel  rod  which  had  been  kept  in  boiling 


water  prior  to  application  or  by  pipetting  of  toiling  water  onto 
the  surface  of  she  shin.  £z  additional  group  of  132  nice  were 
ezrpoced  to  a  mercury  lamp.  (Mater  cooled  GZ-rZ-6  1CC0  watt  high 
pressure  mercury  lamp  using  the  optical  system  of  a  Ocopicon  projector 
unit ) . 

Shin  lesions  were  visually  examined  and  photographed  periodically. 
Skin  and  internal  lesions  were  recorded  at  autopsy.  Material  for 
histological  examination  was  fined  immediately  in  10  'suffered 
formalin,  etch  ended  in  parafin  and  stained  with  hematorrylin  and  eosin. 
Selected  slides  were  stained  with  Fontana  stain  for  melanin,  reticulin- 
trichrone  and  Mayers  hematoxylin.  Frozen  sections  were  cut  from.  some 
of  the  material  and  stained  with  Oil  red  0.  Serial  sections  were  not 
made  routinely,  hut  multiple  levels  were  sectioned  in  the  absence  of 
a  gross  lesion. 

One  hundred  and  ninety  mice  ware  included  in  studies  on  unfocussed 
radiation.  Immediately  following  irradiation  a  slight  discoloration 
was  seen  over  an  area  of  up  to  10  mm.  in  diameter,  corresponding  to 
the  laser  rod  diameter,  in  almost  all  mice  that  had  been  exposed  mo 
7C-1C0  joules.  3elow  70  joules,  immediate  gross  lesions  were  seen  in 
a  decreasing  proportion  of  mice.  ITo  immediate  lesions  were  recognized 
on  gross  observation  below  20  joules.  From  3CO-5CC  joules,  the  lesions 
measured  about  15  mm.  in  dismoter,  corresponding  to  the  larger  diameter 
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of  the  forehood  with  exposure  of  the  shuH  occurred  in  three  animals 

o 

receiving  apprcrimatcly  3o0  joules  at  10, cCOO  A  to  this  area. 

After  reflection  of  the  shin,  a  few  patechiae  were  seen  occasionally 
on  the  deep  surface  following  irradiation  at  20  joules.  These  were 
present  more  frequently  as  the  energy  was  increased  to  70  joules. 

Above  70  joules,  diffuse  hemorrhages  occurred.  Above  300  joules, 
henorrhape  was  absent  fron  the  central  3-1  nr.,  of  the  lesion  on  the 
inner  surface  of  the  reflected  shin.  2eyor.d  this  area,  there  was  a 
circular  repion  of  necrosis  5  nr.,  in  width,  separated  iron  norral  tissue 
by  a  hecorrhapic  ring  1  nr.  in  width. 

Diffuse  henorrhape s  were  occasionally  seen  in  the  abdominal  and 
chest  wall  muscles  at  energy  levels  of  less  than  70  joules  and  were 
almost  present  above  this  energy  level.  The  hemorrhages  involved 
areas  up  to  20  mm.  in  diameter.  Tver,  the  more  severe  hemorrhapes  did 
not  result  in  rupture  of  the  muscle  sheath.  At  energy  levels  above 
300  joules  the  lesion  of  the  muscular  layer  coincided  with  corresponding 
cones  on  the  surface  of  the  shin.  The  degree  of  hemorrhage  was  not 
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together,  attachment  of  the  platysma  by  loose  connective  tissue  to 
the  sheath  of  the  underlying  muscles  appears  to  be  lost.  Occasionally 
platysma  cells  are  abnormally  elongated  or  apparently  absent  in  the 
center  of  the  lesion. 

The  immediate  skin  lesion  following  focussed  irradiation  is,  as 
expected,  smaller  but  more  severe  than  that  following  the  comparable 
unfocussed  beam.  A  zone  of  flattened  epidermis  is  recognizable 
following  irradiation  at  J  joules.  Between  40  and  JO  joules,  total 
epidermal  necrosis  and  coagulation  of  the  full  thickness  of  the  dermis 
becomes  increasingly  common.  Between  JO  and  100  joules,  the  lesion 
is  3-4  mm.  in  diameter,  with  a  central  area  of  total  coagulation  2-2  — 
across.  In  a  specimen  following  irradiation  at  over  3^0  joules,  the 
area  of  total  coagulation  of  the  skin  tan  about  3  — .  in  diameter. 

Other  changes  were. not  satisfactorily  identified  because  of  post¬ 
mortem  changes. 

In  general,  the  deeper  lesions  resemble  those  produced  by  the 
corresponding  unfocussed  beams.  A  minute  lesion  in  the  subcutaneous 
tissue  and  muscle  was  recognized  at  J  joules.  I'o  lesions  were  found 
at  this  level  after  unfocussed  irradiation. 

The  healing  process  is  similar  in  lesions  produced  by  focussed 
and  unfocussed  irradiation  with  comparable  tissue  damage.  One  day 
after  laser  irradiation,  healing  is  already  securing.  In  the  mildest 
lesions  the  only  evidence  of  laser  injury  may  be  hyperplastic  epidermal 
cells  with  a  thin  layer  of  dead  cells  on  the  surface.  It  is  probable 
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that  these  lesions  are  not  recognisable  microscopically  immediately 
following  irradiation  as  changes  present  at  7-10  joules.  At  higher 
energies  the  lesion  extends  aver  a  larger  area  than  in  comparable 
specimens  examined  immediately  following  irradiation  at  7-10  joules. 
There  is  a  slight  diffuse  polymorphonuclear  infiltration  in  the  dermi 
associated  with  edema  and  vascular  dilatation  in  the  milder  lesions 
such  as  occur  at  20-k0  joules  of  unfocuesed  irradiation,  "ecrosis  of 
email  blood  vecsels  in  the  deener  dermis  with  rer avascular  inflammato 


cells  is  present  in  more  severe  lesions.  A  heavier  inflammatory 
infiltrate  surrounds  areas  of  coagulated  dermis.  Edema  fluid  and  a 
scanty  cellular  exudate  may  be  present  between  the  platysna  and 
underlying  abdominal  muscle. 

Three  days  following  irradiation,  nuclear  py  1-mo  sis  and  haryolysi 
is  nor had  in  effected  skin  and  muscle .  Polymorphonuclear  infiltratio 
is  less  marked  at  the  epidermal  level,  but  may  still  be  seen  around 
deeper  necrotic  tissue.  There  are  more  macrophages,  especially’  in 
adipose  tissue  and  muscle.  Eematoyphil  material,  suggestive  of  calci 
deposits,  is  often  present  in  these  tissues.  Vessels  with  obviously 
necrosis  walls  contain  thrombi.  Degeneration  is  r.ow  recognisable  in 
nerves  between  the  muscle  layers.  Swollen  mesothelial  cells  and  some 
fibrinous  exudate  are  seer,  over  the  peritoneal  surface  in  some  cases. 
Scabs  have  formed  and  are  partially  separated.  Epithelial  regeneratio 
is  ace ire  at  the  edges  of  the  lesion  and  from  the  necks  of  the  hair 
follicles. 


After  five  days,  if  an  'ulcer  is  still  prese 


tissue.  Epithelial  regeneration  is  very  active  with  abnormally  thick, 
epidermis  and  large  adnexa.  In  the  deeper  tissue  many  macrophages  nr 
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architecture  of  liver  was  nrecerved  ior  a a  least  5  cs"s.  Zr.  the 
central  ram  of  the  heretic  lector.,  elor.pation  and  distortion  of 
cells  end  nuclei  mo  present.  Intense  congestion  occurred  in 
the  sinusoids  of  the  outermost  pert  of  the  lesion  immediately 
after  irradiation,  out  frnnZ:  her.orrha.pe  was  not  observed. 

ITecrosis  of  the  intestinal  rail  usually  involved  a  port  of  the 
circumference,  and  vac  frequently  associated  with  hemerrhape  into 
the  wall  and  lur.er..  More  severe  intestinal  in  sins  caused  perfor¬ 
ation  and  peritonitis  which  resulted  in  death,  Microscopic 
lesions  were  seen  in  the  pancreas,  st orach  and  other  abdominal 
and  pelvic  orpar.s  p.o  ) . 

As  indicated  in  other  sections  of  this  report,  the  irradia¬ 
tion  of  the  intact  aniral  is  accompanied  by  a  sudden  hemispherical 
distension  within  the  abdominal  wall  which  was  monitored  by  hiph 
speed  photoprmphy  at  S.COC  frnr.es  per  second  { T  ).  It  is  difficult 
to  determine  the  eortent  to  which  some  of  the  pross  and  microscopic 
chsnpes  are  cue  to  thermal  factors  or  other  factors,  such  as 
the  production  of  transient  puns  a  char  pcs. 

At  er.srpy  levels  e.rceedinp  300  .joules  at  o92h  A,  directed 
at  the  intact  abdominal  surface  of  mice,  the  effaces  were  more 
marhed  than  in  the  75  joule  ronpa'  ( 7, 11,  lo,  25  )•.  Survival  time 
varied  from  immediate  death  to  death  within  two  days  followinp 
irradiation.  7ree  blood  was  present  in  the  peritoneal  cavity. 

Gross  and  microscopic  lesions  mre  present  in  the  hidney,  spleen 
and  nancreas  as  well  as  in  the  liver  and  intestine.  At  er.erpy 
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levels  exceedinp  500  joules,  at  booh  c93^  -*•  end  ICsOC  A.  ninilcr 

although  r.orc  severe  effects  '.re re  ob o cvve  1  ( 7, 11,  lS ) . 

,  Irradiation  of  the  Thors:*. 

Radiation  at  energy  levels  be  lor:  ICO  joules  directed  at 

the  chest,  ■whether  focused  or  unfocused,  did  not  result  in 

death  (  79  31,  l£).  Znerpy  levels  exceedinp  300  joules  at 
o 

So 2k  A  resulted  in  imediate  death  to  death  -within  tiro  days 
(  7,  11,  1 6),  depending  on  the  exact  location  of  the  inpact. 

On  autopsy,  press  lesions  were  present  in  the  lunps  and  heart. 

Sharp  denaroation  between  hew-orrhapic  and  relatively  nomal 
lunp  was  evident  on  press  inspection.  On  -icroscopic  exanir.ation, 
congestion  of  alveolar  walls,  frcrl:  herorrhape  into  alveolar  spaces, 
and  alnost  conplete  loss  cf  the  staininp  properties  of  the  cells 
in  the  alveolar  wall  was  observed.  3 owe  of  the  vessels  within 

<7'AV'  a  "i-  -» *i  VO  i'V.  i.G“'70i-S 


the  affected  zone  contained  fused  blood 

_ _ . _ -i _  V  t  — ... 


exceed inp  500  joules,  at  both  6p3^  £  coed  ICSCO  directed  at  tb 
chest  or  abdonen  of  nomad,  nice,  survival  tiw.es  v-ried  frsn 
irradiate  to  two  days  post- irradiation.  The  deeper  lesions  in 
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radiation  (7,  l5,2o).  laser  irradiation  of  exposed  organs  of  white 
Swiss  and  blaci-:  C5T  mice  was  carried  out  at  c9^3  X  and  at  enerpy 
levels  ranpinf  from  h  to  75  .joules.  Bar'.:  unfocused  a r.d  focused 
irradiation  ::as  employed.  The  exposed  organs  included  liver. 


spleen,  pancreas,  bladder,  testes, 
and  brain.  followinp  irrediation  t 
respective  crpsn( except  the  brain) 


Sidney,  stomach,  lump,  heart 
:e  incision,  through  which  the 


Irradiation  of  the  stomach  and  intestine  at  enerpy  levels  of 
75  joules  produced  intestinal  perforation  and  death.  Irradia¬ 
tion  of  the  other  abdominal  viscera  produced  non- fatal  lesions 
which  were  tolerated  by  the  animals  without  apparent  disability. 

The  immedia :e  effects  of  unfocussed  radiation  at  75  joules 
per  pulse  (spot  size  -  $  mm  in  diameter)  on  the  liver  was  a  well 
circumscribed  carl-:  red  lesion.  Cn  sacrifice  two  days  post- 
irradiatior.,  this  lesion  appeared  as  a  well  circumscribed  white 
area  with  a  narrow  red  mar pin.  focused  irradiation  at  75  joules 
mer  pulse  (spot  size  -  3  "  in  diameter)  resulted  in  rupture  of 


the  consuls,  missus  vjiamm: 


bleedirp  occurred  in  some  coses,  but  csesed  spontaneously  wimhin 
several  minutes,  followinp  unfocused  irradiation  at  enerpy  levels 
below  12  joules  (spot  size  -  9  nr.  in  diameter)  lesions  were  not 
evident  on  press  examination.  At  enerpy  levels  above  18  joules, 
lesions  in  the  liver  ware  observed  macro scopically . 
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Unfocused  and  foe used  irredic': icr.  of  the  hidney  resulted  in. 
interstitial  ar.d  subcapsulcr  henorrh? yes  without  press  bleedinp 
beyond  the  confines  of  the  hidney.  Irradiation  of  the  full 
bladder  did  not  result  in  immediate  perforation  or  hemcrrhape . 


hydronephrosis  and  death  (  7, lo).  Irradiation  of 

the  e:rposed  heart  resulted  in  instantaneous  death.  Ier.0rrr.a3ic 
lesions  followed  irradiation  of  the  lumps.  following  bilateral 
testicular  and  ovarian  irradiation,  the  aninalo  were  rated. 

I'o  pre3nancies  occurred.  (1  6) 

Litwin  et  al  (  ZS  studied  the  effects  of  laser  radiation  at 
o$U3  or.  the  surgically  e:rpcsed  canine  liver,  at  er.erry  levels 
of  60  and  500  Joules.  Both  unfocused  irradiation  and  radiation 
focused  on  the  liver  surface  and  deep  to  the  liver  surface  was 
employed.  These  studies  were  carried  out  to  determine  the 
feasibility  of  clinical  use  of  laser  radiation  for  the  treatment 
of  specific  panicle pical  conditions,  inciudinp  metastatic  tumors. 
Minimal  bleedir.3  occurred,  in  contrast  to  surpical  incision  of 
the  liver.  Hue  lesions  -rare  initially  quite  friable,  but 


meres  sec  ir.  ccnsioter.cy  ever  a  mer: 


oz  weer.s  wni_e  tr.ey  cle- 


cr32.£2d  in  sinn  •  Cvjsn  iivsn  bb37)Gi£ z  i-t* 2 d  itnuscinisiy 

followinp  irradiation  and  at  intervals  thereafter.  As  observed 
in  other  studies,  lobular  architecture  remained  intact  for  a 
period  of  time  (7  cays  in  these  studies),  althouph  hepatic  cell 
necrosis  was  marled.  Alterations  in  the  microscopic  appearance 
were  -recent  over  the  .rent  several  months.  Pibronlasia  of  reoair 
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inadequate  antigenic  response  to  inhibit  the  remaining  tumors. 
Similar  phenomena  have  been  reported  following  surgical  removal 
or  :i- irradiation  of  a  tuner  in  animals  with  multiple  (tranoplated) 
neoplasms.  There  is  no  evidence  that  laser  radiation  alters  a 
specific  tumor  protein  to  induce  a  selective  antigenic  response. 
Comparative  Studies. 

In  view  of  the  relative  mildness  of  superficial  lesions  in 
the  presence  of  severe  deep-seated  lesions  following laser  irradiatio 
of  the  intact  animal,  and  in  view  of  the  discontinuity  of  the  lesions 
along  the  direction  in  which  injury  had  taken  place,  comparative 
studies  on  the  direct  application  of  conductive  heat  were 
carried  out  (lo, 25)-  These  studies  were  initiated  since  data 
on  thermal  trauma £1  mice  were  not  available.  Lesions  were  induced 
by  monopolar  or  bipolar  electrocoagulation  current.  The  cautery 
needle  was  applied  manually  through  the  skin  to  the  underlying 
tissue  for  the  shortest  time  possible.  Lesions  were  also  induced 
by  a  steel  rod  which  had  been  kept  in  boiling  water  prior  to 
application  or  by  pipetting  of  boiling  water  onto  the  surface  of 
the  skin.  Lesions  were  further  induced  by  flash  tube  irradiation 
and  exposure  to  a  mercury  arc.  The  injury  produced  by  electro- 
cautery  was  relatively  uniform  throughout  the  affected  tissues 
as  represented  by  a  continuous  coogulum  along  the  path  of  the 
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cautery  needle.  Toe  distortion  of  the  epidermis  was  similar  to 
that  found  in  severe  laser  injury.  The  dermis  showed  homogeneous 
coagulation.  Swelling  of  the  adipose  cells  in  the  subcutaneous 
layer  was  narked.  The  muscle  had  lost  its  striations  and  vacuoles 
were  found  within  the  muscle  fibers.  The  luaina  of  the  blood 
vessels  were  contracted  and  empty  and  thus  hardly  recognizable. 

The  changes  following  injuries  with  boiling  water  or  hot 
steel  showed  separation  of  the  epidermis  from  the  dermis  without 
empty  spaces  or  spongiosus  within  the  epidermis.  The  superficial 
lesions  wore  relatively  mild  and  the  muscle  layer  appeared  to  be 
unchanged. 

The  animals  which  had  been  exposed  to  flash  tube  irradiation 
at  energy  levels  up  to  5>000  joules  per  pulse  survived  these 
exposures  without  apparent  internal  injuries.  Regrowth  of  the 
hair  was  accompanied  by  diffuse  loos  of  pigmentation.  This  was 
in  contrast  to  animal s  which  had  been  exposed  to  laser  radiation 
in  which,  at  considerably  lower  energy  levels,  internal  injuries 
were  produced  and  depigmentation  was  sharply  localized. 

Exposure  of  the  mercury  arc  at  ICO  watts  for  60  seconds  (53) 
produced  a  continuous  zone  of  almost  total  coagulation  which  extended 
through  the  muscle.  The  distortion  of  the  epidermis  ana  epidermal 
appendages  did  not  seem  to  be  as  marked  as  at  comparable  levels  of 
laser  energy.  Ruptured  blood  vessels  in  the  muscle  layer  which  were 
produced  by  laser  radiation,  were  not  observed  following  morcury 
arc  irradiation,  although  the  changes  in  the  muscle  fibers  ■were  comparable 
in  severity. 
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The  various  comparative  studies  failed  to  induce  the  differential 
effects  on  certain  types  of  tissues,  which  were  produced  by  laser 
radiation. 

Conclusions 

Further  studies  on  animals  are  required  to  investigate  the 
mechanises  of  the  interaction  of  laser  radiation  and  to  delineate 
hazards .  Studies  on  snail  animals  present  data  on  "scaled  down" 
model  systems,  which  sere  suitable  for  exploration  of  the  effects 
of  laser  devices  with  relatively  low  energy  and  power  output  avail- 
•  able  at  that  tine.  Direct  extrapolation  of  these  observations  to 
effects  of  radiation  on  larger  animals  or  nan  at  higher  energy 
and  power  levels  is  difficult.  Since  technological  advances  have 
made  high  energy  and  power  levels  available,  studies  on  larger 

animals  have  been  initiated.  Comparative  studies  with  Q  switched 
and  normal  mode  laser  systems  should  be  intensively  pursued.  In 
vivo  effects  and  hazards  associated  with  gas  laser  systems,  seme 
of  which  are  currently  operating  at  power  levels  exceeding  20 
watts,  require  exploration.  These  studies  will  be  of  significance 
in  regard  to  the  effects  of  laser  radiation  on  man. 
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Tumor  Studies 


Studies  on  the  effects  of  laser  radiation  of  malignant  tumors  trans¬ 
planted  to  the  cheek  pouch  of  the  hamster  were  carried  out  as  part  of 
initial  expiatory  experiments  by  Fine,  Klein  et  al  (1,2,3)  of  the  inter¬ 
actions  of  coherent  electromagnetic  radiation  with  biologic  systems.  The 
earliest  studies  (1)  indicated  pronounced  destructive  effects  on  tumors, 
while  irradiation  of  the  normal  cheek  pouch,  under  otherwise  the  same 
experimental  conditions ,  produced  relatively  minor  changes .  The  differences 
in  effects  on  tumors  and  normal  tissues,  respectively,  were  related  to 
differences  in  architecture,  the  nature  of  the  blood  supply,  and  the  presence 
of  pigments  acting  as  absorbents  of  the  radiation.  These  studies  provided 
no  evidence  that  the  narked  changes  in  tumors  were  due  to  characteristics 
of  malignant  cells  per  se,  as  compared  to  normal  cells. 

These  exploratory  studies  (1,2)  suggested,  however,  that  some  properties 
of  tumors  were  more  suitable  than  normal  structures  for  the  investigation  of 
the  interaction  of  laser  radiation  with  tissues.  The  relatively  large  cell 
population  of  tumors  is  more  readily  accessible  in  small  laboratory  animals 
than  normal  cell  populations  of  comparable  size.  Inhibition  of  growth  is 
an  easily  measurable  parameter' of  biologic  activity.  Even  a  few  tumor  cells 
surviving  exposure  to  radiation,  furthermore,  would  manifest  themselves  by 
growing  out  to  appreciable  dimensions.  Some  components  of  tumors,  such  as 
pigment  in  the  melanomas,  may  behave  as  energy  absorption  and  transfer  agents 
thus  iniduce  differential  interaction  with  the  radiation  (4) .  Subsequent 
studies  (5, 6, 7, 8)  indicated  that  extensive  damage  to  neoplastic  tissues  could 
be  produced  by  laser  radiation  in  several  transplanted  mouse  tumors  as  had 
been  previously  observed  in  tumors  in  the  hamster  (1). 
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Since  these  initial  studies  (1,2,3)  the  effects  of  various  types  of 
laser  radiation  on  experimental  tumors  and  on  cancer  in  patients  has  drawn 
increasing  interest.  As  in  any  new  area  of  investigation,  the  effects  of 
laser  radiation  on  tumors  require  intensive  investigation  for  a  clearer 
understanding  of  the  physical  and  biological  factors  underlying  them.  The 
possibility  of  meaningful  clinical  application  of  lasers  to  the  management 
of  cancer  in  humans  in  particular,  will  depend  on  defining  indications  and 
contra-indications.  Extensive  studies  on  experimental  tumors  in  animals  will 
furnish  some  of  the  information  for  guiding  a  justifiable  approach  to  clinical 
investigation. 

In  most  of  the  studies  by  Klein,  Fine  et  al  (8)  pulsed  laser  radiation 
at  6943  &  and  10600  X  was  used.  Energy  levels  ranged  from  10  to  900  joules 
per  pulse  and  up  to  2000  joules  in  total  energy.  Host  studies  were  carrried 
out  at  power  levels  of  the  order  of  10-100  kw.  Successive  exposures  were 
carried  out  at  intervals  ranging  from  1  sec  to  several  days.  Radiation  was 
focused  by  simple  lens  systems  or  was  unfocused.  Spot  size  ranged  from 
3  to  14  mm  in  diameter.  Exploratory  studies  were  carried  out  at  6943  X 
with  Q-svitched  radiation  at  energy  levels  of  4  joules  per  pulse  and  peak 
power  levels  ranging  from  50  to  500  Ml.  The  spot  sizes  were  approximately 
10  mm  in  diameter,  whether  the  Q-switched  radiation  was  unfocused  or  de- 
focusea.  Studies  were  also  carried  out  with  an  argon  gas  laser  (5100  X) 
and  a  helium  neon  gas  laser  operating  at  6323  X  and  a  nitrogen  gas  laser 
operating  at  3371  X. 

Studies  by  Klein,  Fine,  et  al  (3)  were  carried  out  on  the  effects  of 
laser  radiation  in  more  than  1,000  tumor-bearing  animals  in  addition  to  normal 
controls  and  tumor-bearing  controls  which  were  not  irradiated. 


Although  Fine,  Klein,  et  al  (1)  had  observed  significant  effects  of 
laser  radiation  on  tumors  in  the  hamster  cheek  pouch,  most  of  their  subse¬ 
quent  work  was  carried  out  on  tumor-bear,  j  mice.  The  reasons  for  emphasi¬ 
zing  studies  in  mice  were  the  availabili  of  a  large  number  of  inbred  strains 
and  established  tumor  lines  in  that  spec.  .3.  Defined  biological  character¬ 
istics  and  considerable  background  information  from  the  oncological  litera¬ 
ture  could  therefore  be  utilized.  The  tumors  under  study  were  Harding 
Passey  and  Cloudman  melanomas,  Ridgwayy  osteogenic  sarcoma,  and  Lewis 
bladder  carcinoma.  Transplants  were  carried  out  in  the  following  strains 
of  mice:  Swiss  (Harding  Passey,  Ridgway) ;  DBA/1  (Cloudman  S^);  and 
C^/6  (Lewis  bladder  carcinoma).  Irradiation  was  carried  out  at  various 
intervals  after  transplantation.  In  several  groups,  multiple  transplants 
were  symmetrically  located  to  provide  control  systems.  Irradiation  of 
tumors  was  carried  out  through  the  intact  skin,  except  for  some  studies 
in  which  the  slcin  and  subcutaneous  tissues  were  incised  and  retracted  to 
expose  neoplastic  tissue  directly  to  the  radiation. 

In  an  early  study  (5),  four  groups  consisting  of  50  Harding  Passey 
melanoma -bearing  mice  were  irradiated.  The  diameter  of  the  cross  sections 
of  Che  tumor  nodules  varied  from  7  to  25  mm.  Group  1  consisted  of  18 
animals  exposed  to  a  single  exposure  ranging  from  350  to  1,200  joules. 

After  two  weeks,  regression  of  the  tumor  was  noted  in  13  animals.  Regres¬ 
sions  were  complete  within  six  weeks.  Two  of  the  animals,  which  showed  no  re¬ 
gression,  had  considerably  larger  tumors  prior  to  irradiation  than  the 
average  (25mra.  in  diameter);  three  animals  died  within  24  hours,  presumably 
due  to  the  trauma  of  the  irradiation. 

Group  2  consisted  of  seven  animals  exposed  to  high  pulse  repetition 
frequencies  at  energy  levels  ranging  from  1,000  to  2,000  joules.  Three  of 


these  animals  died  within  24  hours  after  irradiation,  and  all  seven  were 
dead  within  six  days,  presumably  due  to  the  trauma  of  irradiation.  Necrosis 
was  more  severe  in  the  irradiated  parts  of  the  tumors  in  this  group  than  in 
groups  1  or  3.  At  autopsy,  five  of  the  mice  irradiated  at  high  pulse 
repetition  frequencies  had  extensive  hemorrhages  and  ocher  injuries  in 
viscira  located  deep  to  Che  irradiated  tumors. 

Group  3,  consisting  of  20  animals,  received  multiple  exposures  at 
intervals  of  3  minutes;  the  total  energy  varied  from  10  to  620  joules. 
Regressions  were  observed  in  three  animals  which  had  received  a  total  of 
more  than  300  joules.  The  cross  sections  of  the  tumors  were  less  than 
10  mm.  in  diameter.  The  estimated  depth,  to  which  the  tumors  extended, 
ranged  from  3  to  7  mm.  The  course  of  irradiated  tumor-bearing  animals 
which  did  not  show  regressions  was  essentially  similar  to  the  course  of 
non-irradiated ,  tumor -bearing  controls. 

Group  4  consisted  of  five  animals  that  received  multiple  exposures 
at  energy  levels  of  160  to  220  joules.  Four  exposures  were  carried  out 
on  each  animal  at  intervals  of  24  hours.  Regression  occurred  in  two 
mice  in  this  group;  the  remaining  three  animals  died  due  to  extensive  tumor 
growth. 

A  total  of  16  animals  had  been  implanted  with  two  or  more  tumors; 
one  tumor  in  each  animal  was  irradiated.  Six  of  these  animals  shewed 
regressions  in  both  the  irradiated  and  non-irradiated  tumor.  In  the 
remaining  ten  animals,  both  tumors  continued  to  grow  and  killed  the  host. 
Regression  of  multiple  implants  is  known  to  occur  following  surgical  removal 
or  X-ray  exposure  of  one  of  the  tumors ,  and  is  therefore  not  unique  for 


laser  irradiation 


In  animals  with  one  or  more  tumors  in  which  no  regression  occurred, 
irradiation  was  followed  immediately  by  a  lesion  which  involved  the  skin 
and  underlying  tumor  tissue.  These  lesions  were  3-7  mm.  in  diameter  and 
depth,  with  a  narrower  extension  for  another  5  am.  or  nore,  depending  on 
energy  and  direction  of  the  radiation.  For  the  next  24-43  hours,  the  size 
of  the  necrotic  area  of  the  tumor  increased,  accompanied  by  progressive 
breakdown  of  the  overlying  skin  and  subcutaneous  tissues.  The  necrotic 
area  then  became  covered  by  an  eschar,  which  remained  stationary  or 
gradually  increased  in  size  until  death.  The  residual,  viable  part  of 
the  tumor,  not  involved  by  the  primary  effects  or  by  secondary  necrosis, 
continued  to  grow  at  the  periphery  of  the  laser-induced  necrotic  area. 

Microscopically  the  central  area  of  the  laser-induced  necrosis 
differed  fron  the  necrosis  in  control  non-irradiated  tumors  by  its  relatively 
smooth  outline  due  to  the  absence  of  the  usual  perivascular  extensions  of 
surviving  cells;  superficially,  changes  similar  to  those  in  epidermis  after 
laser  irradiation  sometimes  occurred.  Distorted  cells  surrounding  snail 
vesicular  spaces  were  seen  and  these  retained  nuclear  staining  longer  than 
the  deeper  necrotic  areas,  which  appeared  to  be  due  to  spontaneous  necrosis. 

The  initial  local  reaction  to  the  radiation  appeared  to  be  sinilar 
whether  or  not  it  was  followed  by  regression.  However,  after  2-3  weeks, 
regression  of  the  tumor  was  suggested  by  lack  of  extension  of  necrosis  and 
decrease  in  size  of  palpable  tumor.  Healing  with  scar  formation  followed. 

3y  the  tine  healing  was  apparently  complete,  the  tumors  were  no  longer 
palpable.  Regressions  persisted  during  observation  periods  of  more  than 
24  months.  The  non-irradiated  controls  and  the  irradiated  tumor-bearing 
animals,  which  had  not  shown  regression,  died  during  the  expected  period 
of  time  (i.e.  3  months  following  implantation  of  Harding-Passey  melanoma). 
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3iopsies  were  taken  from  irradiated  sires  in  16  animais  with  regressed 
Harding -Passey  melanomas,  1-6  months  after  irradiation.  These  animals 
remained  alive  except  for  one  animal,  which  ^  ed  under  anesthesia.  Biop¬ 
sies  of  the  16  animals  showed  microscopic  evi  nee  of  a  previous  lesion,  but 
no  viable  tumor  cells.  In  the  sections  of  sis:  animals,  groups  of  melanin- 
containing  histiocytes  were  present  in  the  subcutaneous  tissue.  In  seven 
animals,  mild,  chronic  inflammatory  changes  were  found  while  in  two  animals 
the  only  evidence  of  a  pre-existing  lesion  were  areas  of  dense  collagen  in 
the  dermis  and  subcutaneous  tissue,  and  absence  of  the  normal  appendages  of 
the  epidermis.  In  threes  animals,  hyperplastic  changes  were  present  in  the 
epithelial  cells  of  the  skin  appendages. 

A  group  of  35  animals  with  Cloudman  melanomas  received  multiple 
exposures  to  unfocused  radiation  of  10-75  joules  per  pulse.  Exposures  were 
at  intervals  of  24-48.  hours ,  and  total  energy  levels  ranged  from  30  to  250 
joules.  In  one  of  these  animals,  the  irradiated  tumor  nodule  appeared  to 
decrease  in  site;  however,  metastatic  lesions  developed  in  areas  adjacent 
to  the  irradiation  site  as  well  as  at  more  distant  locations.  The  course 
of  the  ocher  34  animals  did  not  substantially  differ  from  that  of  the  non- 
irradiated  controls.  These  observations  differ  from  those  of  Minton  et  al. 

(S)  and  from  che  results  of  later  studies  by  Klein,  Fine  et  al.  (10).  The 
lack  of  regression  in  the  earlier  studies  on  (Cloudman)  melanoma  is  due 
to  the  relatively  low  energy  and  power  levels  of  the  radiation  and  the  large 
sizes  of  the  tumors.  The  advanced  stages,  at  which  tumors  were  irradi¬ 
ated  in  the  early  studies  by  Klein,  Fine,  et  al.  (4)  furthermore  indicated 
that  metastatic  extension  is  likely  to  have  taken  place  prior  to  irradiation. 
Therefore,  even  complete  resolution  of  the  primary  implant  following  laser 
irradiation  would  not  have  effectively  altered  the  course  of  the  disease. 
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A  group  of  22  animals  with  Ridgway  osteogenic  sarcoma  were  irradiated 
four  weeks  after  implantation.  Eleven  animals  we re  exposed  to  a  single  irradi 
ation  at  100  joules  aimed  at  the  center  of  the  tumor.  Regression  w as  observed 
in  one  animal.  The  other  10  animals  died  due  to  the  continued  growth  of  the 
tumor.  Seven  animals  were  exposed  to  single  exposures  at  350  to  900  joules. 
Regressions  were  noced  in  four  animals.  Four  animals  received  10  exposures 
at  100  joules  per  pulse  at  five  minute  intervals.  Each  exposure  was  directed 
to  the  same  area  of  the  tumor.  No  regressions  were  noced  in  this  group. 

The  gross  effects  of  laser  irradiation  of  Ridgway  osteogenic  sarcoma 
were  similar  to  those  observed  in  progression  and  regression,  respectively, 
of  irradiated  Harding-Passey  melanoma.  Biopsies  taken  from  five  sices,  at 
which  regression  of  Ridgway  sarcoma  had  taken  place,  showed  scar  formation, 
chronic  inflammation,  and  histiocytes  containing  hemosiderin. 

Lewis  bladder  carcinoma  was  studied  in  23  animals.  Irradiation  was 
carried  out  four  weeks  after  transplantation.  Three  animals  were  exposed  to 
single  pulses  varying  from  900  to  1,200  joules.  No  regressions  were  observed 
in  these  animals.  Thirteen  irradiated  animals  received  multiple  exposures 
with  total  energy  levels  ranging  from  40  to  200  joules.  Regressions  occurred 
in  two  animals.  The  other  irradiated  tumors  in  this  group  continued  to  grow 
as  in  non -irradiated  controls  until  death  of  the  animals.  Three  animals  were 
exposed  to  high  pulse  repetition  frequencies  at  low  energy  levels  per  pulse 
(total  energy  300  to  1,500  joules).  The  animals  died  within  43  hours,  pro¬ 
bably  due  to  trauma  of  the  irradiation.  Autopsy  revealed  extensive  hemor¬ 
rhage  and  injuries  to  underlying  viscera  as  had  been  seenr.iri  the  normal  and 
Harding -Passey -bearing  mice  irradiated  at  high  pulse  repetition  frequencies. 

In  these  studies,  except  where  death  was  immediate,  a  primary  lesion 
was  seen  immediately  after  irradiation,  followed  by  more  extensive  necrosis 
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v it'nin  24  hours.  The  survival  time  of  irradiated  animals  in  which  no  re¬ 
gression  occurred  was  shorter  chan,  or  fell  into  Che  same  range  as  che  survival 
cine  of  non- irradiaced  concrols. 

Alchough  information  regarding  Che  irradiacion  energy  is  given,  wave- 
lengch,  energy  density  and  size  of  tumor  for  each  group  irradiaced  is  not  well 
defined.  Some  consideration  is,  however,  given  to  these  factors  in  che  author’s 
discussion.  Since  che  method  of  energy  measurement  is  not  given,  it  is  not 
possible  to  determine  che  accuracy  of  the  energy  values  stated.  Although  bean 
splitters  were  used  to  measure  the  energy,  particularly  at  high  energy  levels, 
inaccuracies  in  measurement  of  high  energy  levels  may  have  been  considerable. 
Since  high  energy  irradiation  were  carried  out  at  other  laboratories  than 
those  of  the  investigators,  often  with  prototype  equipment,  the  exact  values 
given  are  questionable.  The  data  are,  however,  stated  by  the  authors  as  being 
preliminary. 

These  observations  (4)  were  confirmed  and  extended  in  subsequent 
studies  by  Klein,  Fine,  and  their  associates  (3,10)  on  more  than  500  tumor¬ 
bearing  animals.  It  was  apparent  from  these  studies  that  energy  and  power 
density,  size  of  irradiation  field,  size  of  tumor,  capacity  for  local  or 
metastatic  tumor  growth,  stage  of  tumor  development,  presence  of  pigment, 
nature  of  blood  supply  and  anatomical  location  of  tumor  were  interrelated 
factors  in  regard  to  the  effects  of  laser  radiation  on  normal  tissues  or 
on  tumors . 

In  recent  exploratory  studies  by  Klein,  Fine,'  Paananen,  et  al.  (10), 
the  effects  of  continuous  radiation  in  the  blue-green  region  of  the  spectrum 
obtained  from  an  arr-'n  gas  laser  were  investigated  in  normal  mice  and  tumor¬ 
bearing  animals  (Harding -Passey  melanoma,  Cloudman  melanoma).  Exposure 

to  a  power  output  of  5W  for  5-20  seconds  resulted  in  regression  in  5  out  of 


10  animals  with  Cloudman  melanoma  under  these  conditions  of  irradiation. 

Following  the  initial  report  by  Fine  et  al.  (1,11),  McGuff  et  al.(12) 


reported  studies  on  experimental  tumors  transplanted  to  the  cheek  pouch  of 
tr.e  hamster.  These  tumors  included  carcinoma  of  the  thyroid  and  breast,  and 
melanoma  of  human  origin,  energy  levels  obtained  from  a  ruby  laser  with  an 
output  or  up  to  900  joules  per  pulse  were  employed.  Complete  regression  of 
the  irradiated  tumors  were  reported  to  follow  exposure  to  single  pulses. 
Control  studies  are  not  presented  in  this  report  (12).  These  would  have 
been  particularly  indicated,  since  heterologous  tumors  (human)  in  the  hamster 
have  a  high  spontaneous  regression  rate  due  to  inmunogical  incomparabilities . 
A  feu  human  tumor  lines  have  become  established  in  the  hamster,  but  no  state¬ 
ment  was  made  that  the  tumors  used  by  McGuff  et  al.(12)  were  obtained  from 
established  lines.  In  a  subsequent  report,  McGuff  et  jil.(13>  present  observa¬ 
tions  on  tumor-bearing  animals  including  non-irradiated  controls.  In  these 
studies,  the  irradiated  tumors  underwent  regressions,  while  the  non-irradi¬ 
ated  control  tumors  continued  to  grow.  Transplanted  tumors  of  hamster  origin 
initially  induced  with  chemical  carcinogens,  were  included,  presumably  to 
avoid  immunological  incompatibilities.  Since  Syrian  hamsters  (unlike  mice) 
are  not  available  as  inbred  lines,  transplantation  of  tumors  of  hamster 

reduces,  out  does  not  exclude  the  role  of  immunological  factors  in 
tumor  regression.  McGuff  et  al.(14)  subsequently  compared  the  effects  of 
laser  irradiation  with  those  of  x-rays  (10Q0R.)  alone  and  of  x-rays  in  combina¬ 
tion  with  laser  radiation.  The  laser  irradiated  tumors  were  reported  to  have 
shewn  earlier  regressions  than  tumors  exposed  to  a  combination  of  x-radiation 
ar.d  laser  radiation.  Tumors  exposed  to  x-rays  alone  did  not  regress,  but 
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cor.ci.nued  Co  grow  at  a  slower  race  chan  che  non-irradiated  concrol  tumors , 
as  expected,  since  a  tunoricidal  dose  was  r.oC  used.  It  is  of  inceresc  in 
Chis  conneccion  char  Rounds  ec  al.(15)  concluded  chaC  gamma  raciacion  and 
laser  radiaCion  acred  syr.ergistically  in  damaging  cells  in  cissue  culture. 

In  che  studies  on  tumors  in  che  bars ter  cheek  pouch  by  McGuff  et  al 
(12)  no  reference  was  trade  co  che  characteristics  of  che  blood  supply.  The 
blood  supply  to  the  cheek  pouch,  and  therefore  to  the  tumors  implanted  in  it, 
arises  from  the  blood  vessels  in  che  base  of  che  membrane .  The  major  blood 
vessels  are  exposed  and  as  show  in  previous  studies  on  the  normal  cheek 
pouch  by  Fine  et  al.  (1)  are  subject  to  serious  darage  by  laser  irradi¬ 
ation.  It  would  therefore  be  important  to  determine  whether  the  effects  of 
laser  radiation  on  the  tumors  implanted  in  the  cheek  pouch  is  due  to  direct 
action  on  the  tumor  or  to  damage  of  the  blood  supply  which  would  secondarily 
result  in  tumor  death,  or  to  both.  There  is  no  evidence  of  control  studies 
in  the. -reports .by. McGuff  dealing  with  the  normal  (i.e.  free  of  tumor)  hamster 
cheek  pouch.  The  results presented  by  McGuff  et  al.  (12,13,14)  do  not  relate 
the  parameters  of  the  radiation,  such  as  energy  per  pulse,  total  energy,  spot 
sire,  etc.,  with  size  of  the  irradiated  tumor.  The  sizes  of  the  tumors  irrac 
ated,  furthermore  are  not  indicated.  It  is  therefore  difficult  to  assess 
whether  only  part  of  the  tumor  was  irradiated,  and  the  remainder  regressed 
although  it  had  not  been  directly  irradiated,  or  whether  regression  took 
place  as  a  result  of  the  irradiation  covering  the  entire  area  involved  by 
tumor.  Mo  indications  are  given  furthermore  of  the  depth  to  which  the  tumor 
had  penetrated.  It  should  also  be  noted  that  a  majority  of  the  tumors  im¬ 
planted  in  the  cheek  pouch,  particularly  those  of  human  origin,  do  not 
metastasize  but  grow  as  expanding  lesions.  These  studies  therefore  do  not 
present  indications  of  the  effects  of  laser  radiation  in  regard  to  advancing 
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or  inhibiting  the  race  of  metastatic  invc '  .r.enc.  Ic  is  possible  Chat  laser 
irradiation  tray  result  in  che  separacior  viable  cur.or  cells,  which  nay  then 

lead  to  dissemination  of  the  tumor.  Si:  McGuff  et  al.  (16,17,18)  carried 

cut  concurrent  studies  on  malignant  cut.  in  man,  it  would  have  been  import¬ 
ant  to  ootair.  this  type  of  information  animal  stud.... 

Statistical  analyses  of  this  data  are  neither  presented  nor  mentioned. 
Since  the  data  obtained  by  McGuff  et  al.  in  several  of  their  studies  (12,18) 
are  close  to  the  all-or-none  type,  statistical  analysis  would  have  been 
particularly  meaningful  as  well  as  impressive.  Presumably  the  lack  of  stati¬ 
stical  evaluation  may  be  related  to  the  paucity  of  control  studies  presented. 

Further  data  presented  by  McGuff  et  al.  (19,20)  indicate  that  complete 
regression  of  the  tumor  is  identified  as  a  lack  of  residual  tumor  cells  on 
excisionai  biopsy.  After  excisional  biopsy  has  been  performed,  it  is  obviously 
impossible  to  determine  recurrence  rates  of  non -Betas tas izing  tumors  (as  were 
the  majority  of  those  studied);  since  recurrence  would  have  to  be  local.  It 
is  well  known  that  particularly  tumors  of  human  origin  can  remain  dormant  in 
the  hamster  for  up  to  one  year  or  longer.  Thus  the  lack  of  apparent  tumor 
calls  does  not  exclude  the  possibility  of  their  continued  presence  and  eventual 
reactivation  into  a  growing  tumor.  Since,  furthermore,  McGuff* s  data  do  not 
indicate  that  serial  sections  or  serial  blocks  were  examined,  it  is  difficult 
to  exculde  the  possibility  of  residual  tumor  ceils  even  at  the  time  at  which 
the  biopsy  was  obtained,  regardless  of  whether  eventual  recurrence  would  have 
taken  place  or  not. 

The  paper  by  McGuff  et  al.  in  the  Annals  of  Surgery  (18)  includes  the 
.are  material  as  presented  in  the  Canadian  Medical  Association  Journal  by  the 
-rs  (13),  although  in  the  former  paper  irradiation  of  carcinoma  of  the 
.  the  hamster  cheek  pouch  was  not  mentioned.  Since  the  methods  and 
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che  discussion  in  che  Wo  papers  are  virtually  the  sane,  as  well  as  the  data, 
the  critique  of  one  of  these  papers  (19)  which  is  presented  in  another  section 
of  this  report  will  noc  be  repeated  here.  In  brief,  however,  the  statement 
is  made  that  20  different  types  of  tumors  were  studied  in  700  animals  in  one 
or  wo  anatomical  locations.  Assuming  uniform  distribution,  an  average  of 
35  tumors  of  each  type  (and  of  unnoted  size)  were  treated  with  from  "60  to 
ISO  joules  per  burst"  with  one  or  more  exposures.  Thus  at  least  three  vari¬ 
ables  would  have  been  studied  in  20  animals  assuming  15  controls  were  used. 

This  would  leave  approximately  six  animals  per  parameter  studied.  It  would 
be  difficult  to  see  how  six  animals  would  be  sufficient  to  obtain  signifi¬ 
cant  data  on  radiation  parameter  and  tumor  characteristics .  Should  more  than 
one  parameter  have  been  varied  (no  statement  was  made  as  to  which  of  these 
might  have  been  kept  constant),  the  number  of  combinations  of  variables  'would 
reduce  Che  number  of  data  to  observations  on  one  or  wo  animals  for  each 
experimental  condition. 

Of  20  different  types  of  tumors  in  700  animals,  wo  groups  of  animals 
are  presented  in  specific  numbers.  In  the  section  dealing  with  "adenocarcinoma 
of  human  origin"  the  nature  of  the  adenocarcinoma  is  not  stated.  The  range  of 
energy  is  stated  as  "required"  without  indication  how  this  level  of  energy 
was  determined  nor  for  what  effect  it  was  required.  Since  the  number  of 
animals  available  for  this  study  was  16,  it  would  clearly  have  been  impossible 
to  determine  sequentially  the  response  to  increasing  amounts  of  energy  over 
chat  wide  a  range.  The  statement  is  furthermore  made  that  the  average  amount 
of  energy  "required"  was  250  joules  per  tumor.  It  is  difficult  to  reconcile 
these  statements  with  Che  number  of  exposures  specifically  stated  as  having 
been  carried  out. 

In  the  section  on  malignant  melanoma  3  of  IS  irradiated  animals  died 
by  the  seventh  post  irradiation  day  and  wo  core  animals  died  by  the  third 
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post  irradiation  week.  The  causes  of  death  are  not  indicated.  Again  the 
physical  parameter  (energy  per  pulse,  number  of  exposures,  cross-section  of 
the  spot  size,  etc.)  and  the  biological  characteristics  of  the  tumor  (such  as 
cross-section,  depth,  time  following  implantation,  etc.)  are  not  stated.  Of 
17  animals  referred  to  as  controls ,  five  animals  were  kept  for  "long  time 
study"  (8%  months),  but  no  statement  is  made  as  :to  the  fate  of  che  other 
12  "control"  tumors. 

Preliminary  analysis  of  the  data  is  stated  to  indicate  that  tempera¬ 
tures  probably  do  not  exceed  46°C  one  second  after  the  laser  "burst".  No 
indication  is  given  how  these  temperature-measurements  were  carried  out. 

Several  of  the  observations  mentioned  in  the  papers  by  McGuff  et  al 
had  previously  been  reported  by  a  number  of  other  authors,  but  are  not 
referenced  in  regard  to  their  source.  Other  observations  made  by  different 
groups ,  which  bear  directly  on  the  work  by  McGuff  et  al,  are  not  referred  to 
by  the  authors . 

Ketcham,  Minton,  and  their  collaborators  (21)  reported  studies'  on 
several  experimental  tumor  systems,  particularly  Cloudman  melanoma  and 
T-241  sarcoma.  Their  studies  explored  the  possibilities  of  correlating 
probability  of  inducing  regression  with  the  absorption  characteristics  of 
the  tumor  tissue  and  the  energy  density  of  the  radiation.  An  attempt  was 
made  to  predict  the  energy  required  to  destroy  tumor.  Minton  et  al  (22) 
have  attempted  to  relate  the  energy  required  to  destroy  a  tumor  to  tumor 
diameter.  The  relation  between  tumor  diameter  and  tumor  volume  is  not 
discussed.  Since  che  extent  to  which  the  tumor  is  below  the  surface  has 
not  been  related  to  tumor  diameter,  the  relation  of  tumor  diameter  and  tumor 
volume  has  consequently  not  been  established.  Prom  the  data,  therefore,  it 
is  not  possible  to  determine  the  energy  required  to  destroy  a  tumor  of  a 
specific  volume  (size). 
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Although  Minton  et  al  (23)  emphasize  the  significance  of  the  con¬ 
sistency  of  the  tumor  in  regard  to  the  effects  of  laser  radiation,  the  model 
developed  for  predicting  tumor  destruction  does  not  appear  to  take  inco 
account  the  location  of  the  tumor,  particularly  in  regard  to  whether  the  under¬ 
lying  structures  are  hard  or  soft.  Since  Minton  et  al  (23)  indicated  that 
other  than  thermal  effects  per  se,  such  as  pressure  waves,  are  of  significance 
for  tumor  destruction,,  in  agreement  with  studies  by  others  (4,24,25),  the 
site  of  tumor  location  and  the  consistency  of  the  surrounding  tissue  must  be 
considered  in  formulation  of  an  adequate  model  for  prediction  of  the  require¬ 
ments  for  tumor  destruction. 

Power  and  power  density,  and  energy  density  are  not  mentioned  in  the 
development  of  the  model  for  tumor  destruction.  Since  previous  studies  (25) 
had  shown  that  power  (and  power  density)  is  of  importance  in  the  interaction 
of  laser  radiation  with  biological  systems,  these  parameters  should  be  con¬ 
sidered  in  the  formulation  of  an  adequate  model.  Based  on  relatively  few 
tumors  destroyed  (54  tumors)  at  various  energy  levels  it  is  concluded  that 
"it  is  evident  there  is  tendency  for  the  ruby  laser  to  destroy  a  tumor  more 
effectively  than  the  neodymium  laser  source".  Since  the  tumors  were  located 
at  some  depth  below  the  skin,  it  is  necessary  to  take  into  account  such 
factors  as  reflection  from  the  surface  and  interfaces,  absorption  and  scatter¬ 
ing  within  superficial  tissue  layers  and  refractive  indices  at  6943  X  and 
10600  X  respectively  to  provide  a  basis  for  the  above  statement.  In  regard 
to  the  graph  comparing  the  energy  absorbed  at  the  ruby  and  neodymium  wave¬ 
lengths  by  the  tissue  suspensions,  no  information  is  provided  as  to  how  these 
measurements  were  made,  except  that  a  DK-2  spectrophotometer  was  used.  If 
spectrophotometric  determinations  were  carried  out  in  the  usual  manner, 
measurements  of  transmission  rather  than  absorption  were  made.  Since  a  high 
degree  of  scatter  is  produced  by  cellular  homogenates,  no  direct  relationship 


exists  between  transmission  and  absorption  measurements.  Furthermore  spectro- 
photometric  measurements  on  an  essentially  linear  time  invariant  system  at 
low  power  levels  cannot  be  extrapolated  to  absorption  of  radiation  at  high  power 
densities,  as  provided  by  lasers,  by  time  varying  systems  in  which  phase  trans¬ 
formations  are  produced. 

It  is  probable  that  the  temperatures  quoted  were  due  to  direct  irradi¬ 
ation  of  the  thermocouples.  This  problem  is  discussed  in  the  paper  by  Nowak 
et  al  (26).  Minton  et  al  (22)  state  that  the  temperature  elevation,  as 
measured  by  the  thermocouple  persisted  for  less  than  1  millisecond.  The 
established  data  for  thermal  conductivity  arid  heat  capacity  of  tissue  indicate 
that  the  temperature  elevations  of  tissues  would  persist  for  considerably 
longer  periods.  The  rapid  decay  in  the  temperature  elevation  would  therefore 
probably  be  due  to  temperature  changes  limited  to  the  thermocouples.  It  is 
therefore  likely  that  the  temperature  of  the  tissue  in  the  region  of  the 
thermocouple  junction  was  considerably  lower  than  stated.  It  cannot  be  con¬ 
cluded,  therefore,  that  evidence  for  phase  transformation  was  presented. 

The  authors  (27)  suggest  that  the  depth  of  the  penetration  of  the 
laser  beam  can  be  controlled  more  effectively  than  that  of  either  X-  or 
gamma  radiation.  Factors  such  as  scattering  and  absorption  of  energy  by 
tissues  at  the  various  wavelengths  require  consideration  in  this  respect. 

The  depth  to  which  the  tiaaor  has  extended  requires  further  considera¬ 
tion.  The  extent  of  a  tumor  in  the  animal  or  in  man  is  frequently  difficult 
to  determine,  particularly  if  penetration  into  the  soft  tissues  or  into  a 
body  cavity  has  taken  place.  The  depth  and  total  volume  of  the  tumor  have  to 
be  taken  into  account,  as  well  as  the  cross  section,  which  was  considered  by 
the  authors  in  order  to  establish  a  relationship  between  the  energy  required 
and  tumor  destruction.  Predictions  of  tumoricidal  effects  is  attempted  (23) 
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on  Che  basis  of  the  nature  of  the  immediate  reaction  of  the  tumor  to  the 
radiation.  The  conclusions  were  that  completely  flattened  tumors  following 
irradiation  would  regress,  but  tumors  in  which  a  crater  had  been  produced 
would  not  regress.  In  agreement  with  others  (4),  Minton  et  al  (23)  did  not 
find  that  survival  of  irradiated  tumor-bearing  animals  was  increased  when 
the  tumor  did  not  regress.  In  Che  paper  "The  Laser,  a  Unique  Oncolytic 
Entity"  (28),  previous  studies  on  experimental  tumors  are  reviewed. 

In  an  investigation  entitled,  "A  Comparison  of  the  Effect  of  Micro¬ 
second  and  Nanosecond  Ruby  Laser  Radiation  on  Rat  Tissue  and  Mouse  Melanoma: 

A  Preliminary  Report"  (29),  Minton  and  Ketcham  studied  the  effect  of  ruby 
laser  radiation  on  normal  rat  tissue  and  mouse  melanoma  at  pulse  durationso 
of  the  order  of  several  hundred  microseconds  non-Q -switched  and  100  nano¬ 
seconds  Q-switched.  The  maximum  non-Q-switched  energy  of  the  unit  was  30 
joules,  which  was  probably  the  non-Q-switched  energy  used  in  the  studies. 

The  Q-switched  energy  used  was  probably  of  the  order  of  1  joule.  Normal 
rat  tissue  and  melanoma -bearing  mice  were  irradiated.  The  effects  on 

skin,  exposed  liver  and  intrahepatic  tumor  implants  were  studied. 

The  non-Q-switched  irradiation  focused  deep  to  the  skin  into  the 
melanoma  proper  produced  perforation  of  the  skin  and  partial  destruction 
of  the  underlying  melanoma.  The  focused  Q-switched  laser  beam  produced  no 
apparent  effects  on  the  overlying  skin.  These  differences  cay  have  been 
due  to  the  differences  in  irradiation  energies.  Seven  days  following  irradi¬ 
ation,  microscopic  examination  revealed  coagulation  necrosis  in  the  tumor, 
but  no  skin  changes  following  Q-switched  irradiation. 

The  microscopic  sections  discussed  were  obtained  five  and  seven  days, 
respectively,  following  irradiation.  Since  this  is  ample  time  for  partial 
or  complete  regeneration  of  damaged  epithelial  tissue,  examination  of  sections 
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at  earlier  stages  in  regard  to  lack  of  damage  to  epithelium  is  Indicated. 
Little  tissue  destruction  was  observed  on  single  irradiation  of  two  rat 
livers , non-Q-switched.  Microscopic  sections  taken  through  the  liver  showed 
cellular  cloudy  swelling.  No  effects  were  observed  grossly  or  microscopi¬ 
cally  on  irradiation  of  the  muscles  of  the  abdominal  wall.  Single  Q-swltched 
laser  irradiation  of  two  rat  livers  resulted  in  defects.  None  were  observed 
on  muscle  tissue  irradiation. 

Exposure  to  single  pulses  of  non-Q -switched  radiation  of  surgically 
exposed  melanoma  liver  implants  resulted  in  partial  tumor  destruction. 

The  effects  of  Q-switched  laser  radiation  appeared  to  differ  from  the  non- 
Q-switched  irradiation.  Defects  were  produced  in  the  tumor  mass,  similar 
to  those  in  the  liver,  and  repeated  Q-switched  exposure  was  capable  of 
"completely  disintegrating  small  tumor  implants".  If  the  irradiated  tumor 
implants  in  the  liver  were  small,  repeated  unfocused  irradiation  would 
have  been  expected  to  injure  normal  surrounding  liver  tissue.  Information 
regarding  the  surrounding  liver  tissue,  or  focusing  of  the  beam  would  there¬ 
fore  be  of  interest.  Repeated  non-Q-switched  irradiation  of  tumor  implants 
was  not  attempted.  The  relative  size  and  geometry  of  the  tumor  implants 
is  significant;  the  relative  size  and  geometry  of  the  tumor  implants  ex¬ 
posed  to  the  non-Q-switched  and  Q-switched  irradiation  was  not  discussed. 
Further  studies  appear  warranted  regarding  the  subsequent  course  of  the 
small  tumor  implants,  which  had  undergone  disintegration. 

The  use  of  fiber  optics  for  destruction  of  selected  primary  tumors 
and  metastatic  tumor  implants  is  mentioned.  That  the  decreased  effect  on 
the  melanoma  beneath  the  skin  on  nanosecond  laser  irradiation  "may  be  due 
to  a  decrease  in  the  velocity  of  the  laser  beam  as  it  passes  through  the 
tissue"  is  not  understood  by  the  reviewers. 
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Since  these  studies  were  preliminary  an  attempt  was  not  made  Co  keep 
energy  (one  of  the  parameters)  constant.  In  order  to  compare  the  effects 
due  to  varying  peak  power  levels ,  it  would  be  necessary  to  keep  the  other 
various  parameters  constant.  Further  studies  on  larger  numbers  of  animals 
are  warranted. 

Attempts  at  utilizing  animal  tumors  for  models  for  the  quantitation 
of  energy  requirements  in  regard  Co  destruction  of  human  tumors  on  the  basis 
of  laser  wavelengths  absorption  of  human  and  animal  tumors  respectively  were 
presented  by  Minton  (30).  The  author  indicates  that  the  equations  presented 
for  the  prediction  of  energy  requirements  for  destruction  of  experimental 
tumors  may  be  applicable  to  human  tumors.  These  equations  are  based  on 
spectrographic  determinations  carried  out  on  homogenates.  Problems  associ¬ 
ated  with  spectrographic  studies  on  tissue  homogenates  are  discussed  above. 
Several  biological  factors  in  addition  to  those  discussed  by  the  author 
would  warrant  consideration  in  the  development  of  equations  for  the  predict¬ 
ion  of  the  energy  requirements  necessary  for  tumor  destruction.  The 
absorption  of  energy  at  a  given  wavelength  by  a  tissue  or  tumor  homogenate 
would  be  different  from  the  absorption  of  the  same  amount  of  energy  at  that 
wavelength  by  an  organized  cellular  system.  Reflection,  scattering,  dif- 
faction,  refraction  and  other  factors  affecting  the  interaction  with  the 
primary  radiation  would  be  dependent  upon  the  properties  and  anatomical 
location  of  the  various  tissue  components.  The  characteristics  of  a  highly 
complex  cellular  system  such  as  tumor  or  normal  tissues  which  require  con¬ 
sideration  include  a  large  number  of  surfaces  of  different  properties  such  as 
cell  membranes,  nuclear  membranes,  cytoplasmic  constituents  and  subcellular 
organelles  as  well  as  differences  between  various  structures  such  as  blood 
vessels ,  connective  tissue  fibers ,  interfaces  between  different  tissue  layers 
and  between  cells  within  the  same  tissue  layers.  Similar  considerations 
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pertain  to  secondary  effects  which  are  known  to  be. generated  as  a  result 
of  the  interaction  of  the  primary  radiation  with  the  tissues.  Thus,  the 
dissipation  and  transmission  of  the  various  forms  of  energy  associated 
with  heat,  pressure,  acoustic  waves,  secondary  electromagnetic  radi¬ 
ation  and  particular  matter,  (charged  or  uncharged)  would  differ  in  an 
organised  tissue  system  as  compared  to  a  homogenatod  suspension.  The 
extrapolation  from  a  single  parameter  to  a  number  of  unrelated  para¬ 
meters  as  represented  by  the  absorption  properties  of  a  homogenate  and 
interaction  with  an  organized  tissue  system,  respectively,  consequently, 
does  not  seem  to  be  justified. 

Further  considerations  inherent  to  the  problem  of  relating  in¬ 
formation  obtained  from  homogenates  to  intact  tissue  or  animal  systems, 
have  to  be  considered.  These  in  essence  are  the  multiple  interrelations 
which  are  thought  to  bear  on  a  specific  biological  system  within  the 
intact  host,  which  cannot  be  reproduced  in  the  experimental  conditions 
imposed  on  an  in  vitro  system.  In  particular  regard  to  the  study  of 
tumors,  these  involve  the  blood  supply  to  the  tumor,  the  anatomical 
location  of  the  tumor,  and  the  relationship  of  the  tumor  to  the  host. 

Discussion  ^ 

The  observations  presented  in  the  various  studies  on  experimental 
tumors  provide  some  orientation  for  further  investigation  of  the  inter¬ 
actions  of  laser  radiation  with  biologic  systems.  Definite  conclusions 
can  not  be  drawn  from  this  data  which  is  preliminary  for  several  reasons. 
The  numbers  of  animals  in  the  several  groups  studied  so  far  is  too  small 
for  meaningful  statistical  analysis.  Laser  devices  are  still  in  develop¬ 
mental  stages;  therefore,  the  practical  difficulties  of  reproducing  radi- 
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ation  qualities  coincident  with  specific  stages  of  tumor  development  are 
considerable.  Equipment  and  procedures  have  not  been  adequately  deve¬ 
loped  for  measurement  of  the  various  parameters  of  the  interaction  of  laser 
radiation  with  tissues.  Studies  in  normal  animals  which  may  serve  as  a 
basis  for  further  investigation  of  interactions  of  laser  radiation  with 
normal  and  naoplaaCifi  tissues  indicate  the  considerable  complexity  of  the 
interaction  of  the  incident  primary  radiation  with  the  surface  and  with 
deeper  structures 

Irradiation  of  the  intact  skin  overlying  the  tumor  resulted  in  a 
plume  of  backscattered  material  and  radiation  not  confined  to  the  quali¬ 
ties  of  the  primary  radiation  as  had  been  previously  observed  in  normal 
animals  (3,8),  and  was  subsequently  studied  in  further  detail. 

The  gross  and  microscopic  examination  of  early  and  delayed 
effects  of  laser  radiation  on  transplanted  tumors  suggested  that  some 
neoplastic  tissue  may  be  more  suitable  than  normal  tissues  for  the  study 
of  several  biologic  factors.  The  interaction  of  the  radiation  varies 
with  different  tissues  as  shown  in  normal  animals  (3,4,6,7,8,11,25). 

It  was  observed  after  irradiation  of  the  intact  abdominal  wall  that  the 
reaction  did  not  appear  uniform  hroughout  the  affected  region.  There 
was  obvious  severe  damage  to  the  skin  while  changes  in  the  subcutaneous 
tissue  appeared  to  be  less  marked.  The  underlying  muscle  was  severely 
affected.  Extensive  hemorrhages  occurred  in  and  around  the  muscle,  in 
the  mesentery,  and  in  affected  areas  of  intestine,  but  free  blood  was  not 
seen  in  the  peritoneal  cavity.  Hemorrhage  was  not  seen  in  the  liver  after 
irradiation  through  the  abdominal  wall,  although  subcapsular  areas  of 
necrosis  several  millimeters  in  diameter  occurred  frequently. 
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Some  of  the  variables,  which  are  inherent  to  Che  succession  of 
tissue  layers  within  the  area  involved  by  the  primary  interaction  or 
secondary  effects,  are  eliminated  in  neoplastic  tissue.  It  may  there¬ 
fore  be  possible  to  investigate  such  factors  as  attenuation  with  distances 
from  the  site  of  primary  interaction  more  adequately  in  neoplastic  tissues 
chan  in  normal  structures. 

The  interactions  of  laser  irradiation  with  cell  populations  of 
normal  and  neoplastic  tissue  were  different  in  several  respeccs.  In 
relatively  homogeneous  normal  tissues  such  as  liver,  the  initially  induced 
lesion  did  not  appear  to  increase  in  size  and  was  no«.  followed  by  second¬ 
ary  necrosis  of  ocher  parts  of  the  same  tissue  or  of  adjacent  structures. 
Repair  became  evident  within  36  hours.  Necrosis  after  Irradiation  of 
some  tumors  was  progressive,  proceeded  usually  to  liquefaction,  and  in¬ 
volved  tumor  that  had  probably  been  outside  the  track  of  the  primary 
radiation.  It  is  however  difficult  to  exclude  the  role  of  infection  in 
ulcerated  tumors. 

The  reactions  of  neoplastic 'and  normal  tissues  to  laser  irradi¬ 
ation  were  similar  in  that  early  lesions  were  sharply  demarcated  from 
the  non- irradiated  adjacent  areas,  the  architecture  and  outlines  of 
cellular  ^components  were  partially  retained,  the  area  immediately  af¬ 
fected  was  not  determined  by  the  blood  supply,  and  interaction  with 
pigmented  structures  (i.e. ,  melanin-containing  tissue,  muscle,  liver, 
and  highly  vascular  organs)  was  more  marked. 

In  view  of  the  differences  in  the  reactions  of  normal  and  neo¬ 
plastic  cell  populations,  several  types  of  tumors  were  investigated. 
Melanoma  was  selected  to  study  the  effects  of  interaction  with  pigment 
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over  larger  areas  chan  was  possible  in  normal  animals  in  which  melanin 
is  confined  Co  very  smaill  areas.  Cloudman  S-91  melanoma  was  included 
Co  sCudy  Che  effecCs  of  irradiacion  on  races  and  extent  of  mecascacic 
disseminacion.  OsCeogenic  sarcoma  and  bladder  carcinoma  were  selecced 
for  scudies  of  inceraccions  wich  cell  populacions  of  connecCive  Cissue 
and  apichalial  origin,  raapacCivaly.  Tha  data,  it  survival  6£  curaor- 
bearing  animals  is  used  as  a  cricerion,  suggesced  differences  in  Che 
inceraccions  of  Che  various  cypes  of  cumor  wich  laser  irradiacion.  The 
informacion  available  ac  presenc  is  insufficienc  co  relace  chese  dif¬ 
ferences  Co  specific  biologic  characceriscics. 

Some  relations  of  che  paramecers  of  laser  radiacion  Co  che  inter- 

accion  wich  neoplascic  cells  are  apparenc.  The  cocal  energy  of  Che 

radiacion  is  an  imporcanc  factor.  The  race  ac  which  che  energy  is 

delivered  is  also  imporcanc.  In  scudies  on  Harding-Passey  melanoma, 

regressions  were  not  observed  wich  single  pulses  in  the  30-60  joule 

range.  Radiation  ac  a  nominal  output  of  350  joules  or  more  per  pulse, 

delivered  as  single  pulses,  was  followed  by  a  considerable  incidence 

o 

of  regression.  Radiacion  at  6943  A  and  10600  A  appeared  to  have  similar 
effects  on  regression  of  Harding-Passey  melanoma  ac  single  exposures  of 
900  joules  or  more  per  pulse.  Tumors  of  small  size  (10  mm.  or  less  in 
diameter)  showed  a  considerably  higher  incidence  of  regression  than 
Cumors  wich  larger  cross-sections.  Important  factors  in  determining 
Che  effects  of  che  interaction  include  energy  density  and  tumor  para¬ 
meters,  in  addition  Co  Che  energy  per  pulse,  peak  power,  and  the  total 
energy  delivered. 

Delivery  of  cocal  energy  from  350  joules  to  more  than  2,000 
Joules  as  30-50  pulses  at  intervals  of  1  second  (high  pulse  repetition 

IflO 


frequency)  resulted  in  severe  trauma  followed  by  death  in  less  than  24 
hours  in  the  majority  of  normal  and  tumor-bearing  animals.  Death  ap¬ 
peared  to  be  associated  with  severe  lesions  to  adjacent  normal  structures 
rather  Chan  to  effects  on  or  of  the  tumor.  It  had  been  observed  (4,14) 
that  Che  effects  of  irradiation  do  not  appear  quantitatively  similar 
when  Che  same  amount  of  energy  is  delivered  at  pulse-repetition  fre¬ 
quencies  in  excess  of  1  pulse/second  as  compared  with  delivery  of  the 
total  energy  as  a  single  pulse  of  one  millisecond  duration. 

Some  regressions  were  observed  with  total  energies  over  150 
joules  delivered  in  doses  of  approximately  40  joules  fractionated  at 
intervals  of  3-5  days.  It  appears  from  These  observations  (4)  that  the 
frequency  at  which  successive  pulses  are  delivered  is  significant  in 
addition  to  the  total  energy  and  energy  density.  It  had  previously 
been  observed  (10)  that  the  power  levels  and  power  density  are  of  con¬ 
siderable  importance  in  the  interaction  of  laser  radiation  with  normal 
and  neoplastic  tissues. 

Averaging  the  survival  time  of  irradiated  tumor  bearing  animals 
in  which  complete  regression  was  not  observed,  indicated  reduction  in 
the  expected  survival  time  as  compared  to  non-irradiated  tumor-bearing 
controls.  However,  this  must  be  qualified  by  the  difficulties  of 
disassociating  the  effects  of  radiation  on  the  general  state  of  the 
animal  from  chose  on  the  tumor.  Early  fatalities  usually  followed  laser 
irradiation  of  animals  with  large,  far-advanced  tumors.  The  reaction 
to  injury  induced  by  radiation,  and  consequent  exposure  of  considerable 
areas  to  infection,  would  be  poorly  tolerated  by  a  debilitated  animal.  X 
Irradiation  effects  on  other  organs,  particularly  the  intestine,  may 
have  contributed  to  the  increased  death  race.  Lesions  of  internal 
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organs  of  an  extent  similar  to  those  occurring  in  tumor-bearing  animals 
were  however  well  tolerated  by  normal  mice.  The  pressure  wave  produced 
by  laser  irradiation,  furthermore,  may  result  in  dissemination  of  residual 
viable  tumor  cells  by  direct  extension  or  by  metastasis  through  the  blood 
and  lymph. 

The  lack  of  regression  following  irradiation  of  animals  with  S-91 
melanoma  and  of  Lewis  bladder  carcinoma  observed  in  one  group  of  studies 
(4)  may  havecbeen  due  to  the  low  levels  of  energy  per  pulse  available  at 
the  time  of  studying  these  tumors.  In  these  studies,  the  animals  with 
Lewis  bladder  carcinoma  and  wich  S-91  melanoma  were  irradiated  further¬ 
more  at  a  relatively  advanced  stage  of  tumor  development.  The  studies 
by  Minton  and  Ketcham  (21,22)  on  S-91  melanoma- bear ing  mice  were  car¬ 
ried  out  with  radiation  at  considerably  higher  levels  of  energy  density 
and  at  earlier  stages  of  tumor  development  than  those  of  Klein,  Fine 
et  al  (4).  The  differences  in  the  characteristics  of  the  radiation 
and  the  state  of  the  tumors  probably  account  for  the  high  incidence  of 
regression  of  S-91  melanoma  observed  by  Minton  and  Ketcham  (22). 

The  microscopic  appearance  of  specimens  taken  from  the  sites  at 
which  regression  of  Harding- Passey  melanoma  (4)  had  taken  place  suggested 
that  tumor  had  been  present.  The  presence  of  melanin  in  the  histiocytes 
was  compatible  with  the  preceeding  presence  of  melanoma  in  Swiss  (white) 
mice.  The  regression  of  osteogenic  sarcoma  (Ridgway)  induced  by  laser 
radiation  was  also  followed  by  protracted  chronic  inflammatory  changes,  ' 
including  histiocytes  containing  hemcsiderin.  It  is  of  interest  chat 
intact  epidermal  appendages  are  present  in  close  proximity  to  the  sites 
of  chronic  inflammatory  changes  associated  with  the  sequelae  of  tumor 
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regression.  The  continued  chronic  inf  lamination  and  epidermal  hyper¬ 
plasia  in  some  animals  several  months  after  the  gross  appearance  had 
suggested  complete  healing,  however,  requires  consideration  of  the  pos¬ 
sibility  of  delayed  effects  of  the  laser  radiation  (4).  In  the  studies 
by  McGuff  et  al  (18)  residual  tumor  cells  were  not  found  on  excisional 
biopsy  following  laser  Irradiation  of  a  number  of  experimental  tumors. 
These  auchors  do  not  indicate  whether  other  histological  changes  were 
present. 

Neoplastic  changes  attributable  to  laser  irradiation  have  not 
been  observed  so  far  in  normal  or  tumor-bearing  animals  in  which  re¬ 
gression  permitted  survival  for  protracted  periods  of  observation. 

The  observation  of  possible  production  of  free  radicals  by  laser  ir¬ 
radiation  in  normal  tissues  (31,32)  requires  further  study.  Initial 
studies  of  the  relationship  of  free-radical  production  and  laser  ir¬ 
radiation  were  inconclusive  in  Harding-Passey  melanoma,  since  appreci¬ 
able  levels  of  free  radicals  were  found  in  the  tumor  prior  to,  as  well 
as  after,  laser  irradiation. 

Experimental  studies  of  the  interactions  of  laser  radiation  with 
transplanted  tumors  indicate  that  neoplastic  cell  populations  have  pro¬ 
perties  that  warrant  the  use  of  tumors  in  future  investigations  of  the 
interactions  of  laser  radiation  with  tissue.  The  propensity  for  growth 
of  residual  viable  cells,  the  consequent  ease  of  end-point  determina¬ 
tion,  the  presence  of  pigment  in  some  cell  lines,  and  a  high  degree  of 
vascularization  facilitate  the  investigation  of  the  differential  effects 
of  laser  radiation  in  biologic  systems.  Considerable  additional  studies 
in  experimental  tumors  are  required  to  elucidate  mechanisms  of  inter¬ 
actions  of  laser  radiation  with  neoplastic  cell  populations.  This 
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information  will  provide  a  basis  for  establishing  indications  and 

i 

contra-indications  to  guide  clinical  investigation  of  laser  radiation 
in  malignant  disease. 
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This  section  deals  with  studios  on  humans  other  than  those  on 
ophthalmology  and  dentistry  which  2re  reviewed  elsewhere  in  this 
report.  Litwin  and  Glew  (  1  )  summarized  the  potential  applications 
of  laser  technology  to  clinical  medicine,  such  as  the  possible  use 
of  fiber  optics,  the  application  of  laser  devices  to  gross  and 
microsurgical  procedures  and  the  exploitation  of  effects  at  spec¬ 
ific  wavelengths.  Malt  and  Tomes  (  2  )  have  discussed  clinical 
exploration  of  laser  radiation.  Fine,  Klein,  and  Scott  (  3  )  re- 

viewed  early  experimental  findings  in  normal  and  tumor-bearing 
animals  as  a  basis  for  orientating  eventual  clinical  studies.  The 
possible  hazards  were  discussed.  The  authors  emphasize  that  studies 
on  the  long  term  effects  of  laser  radiation  in  animals  and  considerable 
additional  understanding  of  the  mechanisms  of  interactions  are  needed 
as  prerequisites  for  cl ini  cal  investigation.  The  exploration  of 
laser  radiation  in  the  management  of  malignant  disease  was  also  dis¬ 
cussed  by  Ketchan  and  Minton  (  4  ). 

Studies  on  tumors  in  animals  were  oriented  towards  establishing 
guidelines  for  determining  the  conditions  required  for  management  of 
tumors  in  patients.  Devitalization  of  the  tumor  with  multiple 
appropriately  placed  laser  pulses  prior  to  removal  of  part  of  an 
organ  which  had  been  replaced  by  tumor  was  suggested.  The  possibility 
of  removal  of  malignant  tissue  by  laser  radiation  as  a  palliative 
measure,  when  definitive  cure  is  not  possible,  was  discussed.  These 
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general  considerations  (l,  2,  3,  4)  were  based  on  animal  and  in 
vitro  invectigat_ons  rather  than  on  direct  experience  with  clinical 
studies  on  laser  radiation. 

i'ost  of  the  published  reports  dealing  directly  with  laser 
irradiation  of  humans  would  be  benefited  by  documentation  of  the 
ohysical  and,  freouentiy,  the  biological  orinciples  involved.  To 

q 

some  extent  this  nay  have  been  due  to  the  lack  of  participation  in 
clinical  studies  by  a  physical  scientist  with  experience  in  biologi¬ 
cal  research.  Quantitation  and  interpretation  of  such  results  as 
were  obtained,  were  consequently  lacking.  This,  together  with  the 
fact  that  only  preliminary  comparative  animal  studies  had  been 
carried  out,  makes  it  difficult  for  other  investigators  to  derive 
maximum  benefit  from  the  investigation  in  order  to  orient  their  own 
studies  in  man. 

Considerations  of  inadequate  background  information  also  applied 
to  patients  with  malignant  tumors,  who  were  irradiated.  Although 
exploratory  laser  irradiation  of  inoperable  terminal  cancer  may  be 
justified  by  appropriate  indications,  adequate  definitions  of  these 
indications  for  laser  irradiation  requires  serious  consideration. 

A  questionable  basis  for  studies  in  nan  may  be  presented  by  mal¬ 
ignant  tumors  excessively  rich  in  melanin  which  absorbs  electromag¬ 
netic  radiation  over  wide  ranges  of  the  spectrum.  Since  destruction 
of  vascular  integrity  by  laser  radiation  may  also  account  for  tumor 
regression,  some  rationale  can  be  developed  for  irradiation  of 


highly  vascular  tumors,  such  as  hemorrhagic  sarcomas.  However, 
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thess  types  of  tumors  are  available  as  experimental  neoplasms  In  animals 
and  should  be  more  extensively  investigated,  before  studies  in  nan  are 
initiated.  These  considerations  are  even  more  applicable  to  studies 
on  tuners  in  nan  for  which  adequate  routine  management  (with  cure  rates 
of  91-1 00/ j)  is  available  (i.e. ,  basal  cell  carcinoma,  squamous  cell  car¬ 
cinoma  in  situ).  Obviously  the  exploration  of  benign  diseases,  such  as 
a  number  of  slam  diseases  including  benign  tumors,  should  also  await 
a  full  laowledge  of  the  effects  which  laser  radiation  can  cause  on 
a  long  term  as  well  as  on  a  short  term  basis.  Furthermore,  specific 
clinical  indications  for  investigating  laserfirradiation  in  benign  dis¬ 
eases  in  man  have  not  been  presented.  Specific  indications  have  not 
been  adduced  as  yet  which  would  lead  one  to  expect  a  sufficiently  fav¬ 
orable,  unique  response  or  important  information,  not  otherwise  obtain¬ 
able  to  be  demonstrable,  which  would  justify  taking  risks  in  volun¬ 
teers  or  patients  with  relatively  inconsequential  diseases. 

A  number  of  the  reports  on  laser  irradiation  of  man  are  largely 
inconclusive.  In  general  the  observations  are  too  few  in  numbers  to 
be  suitable  for  objective  or  statistical  evaluation.  They  consist 
almost  entirely  of  case  reports  on  very  few  patients  with  different 
diseases.  Generalised  conclusions,  therefore,  cannot  be  drawn  from 
these  reports,  on  which  further  studies  in  man  could  be  based.  A 
number  of  the  disease  entities  (i.e.,  psoriasis,  melanoma)  which  were 
studied  have  spontaneously  variable  courses  thus  rendering  any  inter¬ 
pretation  of  the  finding  difficult. 

In  general,  it  has  been  postulated  that  laser  radiation  has 
"selective"  action  on  human  tumors,  presumably  as  corns  red  to  normal 
tissues,  for  which  evidence  is  not  available.  Some  of  the  biological 
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choracteri sties  which  are  r.ore  prominent  in  certain  types  of  tumor 
(such  as  pigment  in  melanoma  or  a  rich  blood  supply  in  Kaposi 1  s  sar- 
ccr.:a)  ,may  be  responsible  for  differential  interactions  and  subsequent 
course.  Ko  evidence,  however,  has  been  presented  that  malignant  cells 
per  se  differ  iron  normal  cells  in  their  respective  reactions  zo  laser 
radiation.  An  intensive  investigation  of  the  reactions  of  normal  and 
malignant  cell  populations  to  laser  irradiation  would  be  required  for 
demonstrating  that  a  difference  euists. 

I'inimal  damage  to  normal  structures  in  the  presence  of  total 
destruction  of  tumors  was  reported.  These  statements  were  based  on 
observations  obtained  following  irradiation  of  the  tumor,  (which  was 
consequently  damaged),  while  normal  surrounding  tissues,  which  had 
not  been  irradiated  were  not  damaged.  Direct  irradiation  of  normal 
skin  and  other  tissues  has  been  shown  to  result  in  injuries  to  them 
(  5  ). 

Only  limited  consideration  was  given  to  the  fact  that  tumors 
spontaneously  -undergo  partial  necrosis.  Any  traumatic  agent  can  in¬ 
duce  necrosis  more  readily  in  a  tumor,  which  is  about  to  emceed  its 
precarious  blood  supply,  than  in  normal  tissues,  which  usually  have 
a  more  adequate  circulatory  reserve,  ’••hile  there  is  general  agree¬ 
ment  that  only  superficially  located  tumors  would  be  amenable  zo 
laser  irradiation,  intimations  are  presented  that  widely  metastatic 
cancer  may  eventually  be  benefited.  Unsubstantiated  speculations 
concerning  the  mechanism  of  tumor  destruction  -were  entertained,  such 
as:  the  induction  of  auto-immune  processes  (sometimes  considered  to 
be  specific  for  a  hypothetic  tumor  protein  which  has  become  anti- 
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genic);  the  selective  alterations  of  an  enzyme  specifically  essential 
for  the  tumor,  (which  has  not  been  demonstrated  in  oncological  studies), 
or,  the  release  of  cytotoxic  agents  from  damaged  tumor,  which  in  turn 
are  selectively  toxic  to  the  tumor  and  not  to  normal  tissue  (such  a 
substance  has  not  been  demonstrated). 

In  some  cases,  it  is  difficult  to  follow  or  to  determine  the  se¬ 
quence  expected  to  underlie  the  presentation,  methodology  is  at  times 
inadequately  presented,  which  would  prevent  repetition  and,  therefore, 
confirmation  by  other  laboratories;  the  sections  on  results  usually 
include  references  to  future  plans  or  incomplete  studies  in  progress, 
which  are  then  referred  to  (in  subsequent  reports)  as  though  they  had 
been  authenticated  data.  However,  it  must  be  recognized  that  several 
of  the  reports  are  considered  by  the  authors  as  preliminary,  and,  in 
some  cases,  were  carried  out  with  prototype  laser  units  which  were,  at 
that  time,  not  highly  reliable  insofar  as  physical  parameters  are  con¬ 
cerned.  Since  these  were  the  only  units  available  at  that  time,  ex¬ 
tensive  measurement  of  physical  parameters  was  not  feasible. 

In  the  light  of  the  nature  of  some  of  the  investigative  mater¬ 
ial,  'which  should  be  considered  as  exploratory,  the  evaluation  given 
below  could  not  be  presented  in  as  critical  a  manner  as  'was  considered 
desirable  in  other  sections  of  this  report. 
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Studies  on  both  Caucasian  and  hegro  volunteers  '.;ere  presented 
by  Goldman  (  6  ).  he  pro  skin  apparently  showed  minimal  lesions,  the 
induction  of  which  was  accompanied  by  a  slight  pricking  sensation  at  a 
levs!  presumed  to  be  0.5  joub  per  pulse  at  6943  ?—  At  5  joules  per 
pulse  more  extensive  changes  ’./ere  noted  in  hegro  shin,  ho  lesions 
are  reported  to  have  been  detectable  under  similar  conditions  of 
exposure  in  Caucasian  skin.  Various  attempts  were  made  to  increase 
the  absorption  of  radiation  by  the  skin,  including  stripping  of  the 
keratin  layer,  topical  application  of  soot  obtained  from  a  candle, 
and  application  of  the  dihydroxy  acetone  to  Caucasian  skin.  The  use 
of  dihydroxy  acetone  presents  a  useful  approach  to  relate  effects  to 
the  degree  of  pigmentation.  However,  studies  to  indicate  that  absor¬ 
ption  of  the  radiation  by  keratin  is  significant  in  relation  to 
stripping  would.' be  of  interest.  Indeed,  the  presence  of  a  relatively 
transparent  superficial  layer  may,  in  some  cases,  result  in  increased 
injury  to  the  underlying  absorbing  layer. 

In  the  presence  of  increased  color  content  a  clear  •..mite  cone 
developed  in  skin  following  laser  radiation  (presumably  at  both 
o.5  joule  and  5.0  joules  per  pulse).  The  reaction  is  reported  to 
have  been  mere  intense  in  the  skin  of  llegro  volunteers.  lark  hair 
’./as  charred.  Irradiation  •/as  accompanied  by  a  "puff  of  smoke".  This 
may  have  been  associated  with  backscattered  material  at  a  velocity 
such  that  it  would,  at  present  be  considered  a  plume.  A  patient  with 
ar^yria  did  not  ana ear  to  react  to  laser  radiation.  Reference  was 
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also 


zz.de  to  a  variety  of  studies  in  progress  such  as  burns  produced  in 


baso-squamous  papillomas  and  studies  of  the  effects  of  laser  irradiation 
cn  red  cells,  capillaries,  old  hemorrhage  in  the  skin,  pigmented  nevi, 
pigmented  basal  ceil  carcinoma,  tattoo  marks,  excised  flaps  of  hi  roan 
and  animal  skin,  and  callosities  colored  with  various  dyes.  Data  on 
these  studies  as  to  the  rethods  which  were  used,  the  number  of  samples 
studied,  the  directions  which  the  proposed  studies  were  taking,  and 
what  their  objectives  were  would  have  been  of  interest.  Microscope 


lenses  were  damaged  by  laser  radiation  of  the  characteristics  referred 
to  above  (presumably  5  joules  per  pulse,  with  a  pulse  duration  of  the 
order  of  milliseconds) .  Although,  as  suggested  by  the  authors,  the 
coating  or  the  cement  may  contribute  to  damage,  interposition  of  a 
cover  slip  would'  eliminate  baclcscattered  material  as  a  cause  for  some 
lens  damage.  Attenuation  of  the  energy  by  these  lenses  on  irradiation 
of  tissues  require  evaluation  since  tills  would  affect  the  energy  del¬ 
ivered  to  the  tissue.  The  authors  also  indicate  that  measurements  of 

C 

red  and  infrared  reflection  and  transmission  are  being  made  without 


indicating  how  these  measurements  are  being  carried  out,  nor  what  she 
result  of  the  measurements  are.  Measurement  of  these  parameters  at 
the  power  levels  and  geometry  used  is  important,  further  references 
are  made  to  experiments  which  had  been  carried  out  on  fiberoptics 
:iconbined  with  laser  beams1'  to  provide  deeper  penetration,  -t  would 
be  of  interest  to  know  how  this  combination  was  achieved,  and  what 
the  relative  effects  with  and  without  transmission  through  fiberoptics 
were.  Although  preliminary  studies  were  carried  cut  by  the  reviewers 
and  their  associates  in  1962  on  transmission  of  laser  radiation  through 
fiber  optics  bundles  the  relatively  poor  results  at  that  time  indi- 
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catcd  that  considerable  thought  would  have  to  be  given  to  bundle 
coherency  and  damage.  Considerable  effort  has  been  expended  in  the 
past  several  years  in  attempting  to  couple  lasers  with  fiber  optics 
systems.  (25)  Sams  biological  studies  were  reported  (2 5). 

'.icroscopic  examination  revealed  a  superficial  ulcer  and  inflam¬ 
ed  ory  eiradate  in  laser  induced  lesions;  the  histochenioal  studies 
failed  to  show  changes  in  the  sulfide  or  disulfide  groups  of  the  ker¬ 
atin  layers.  -Lt  must  be  concluded  that  the  lack  of  changes  in  the 
sulphydryl  group,  however,  does  not  indicate  that  the  keratin  layer 
was  not  damaged,  but  that  the  sulfur  containing  amino  acids  do  not 
participate  in  the  interaction. 

Goldman  et  al  (  7  )  further  reported  cytolcgical  studies  cn 
cutaneous  cells  and  cn  blood  cells.  In  the  section  headed  "Techniques" 
of  this  publication  the  authors  indicate  that  they  were  also  studying 
fungi  •and  bacteria  in  various  media  and  containers.  Although  the 
nominal  energy  outputs  of  the  various  lasers  used  are  given,  the  char¬ 
acteristics  of  the  radiation  (such  as  energy  and  energy  density)  are 
not  well  defined.  To  some  of  the  cutaneous  and  blood  ceil  prepara¬ 
tions  various  dyes  were  added  (Iriochone  black  T,  Ivans  blue,  Trypan 
blue).  Some  of  the  ceil  preparations  were  also  stained  by  routine 
histological  techniques  and  some  were  examined  in  the  unstained  state 
after  they  had  been  fined  and  embedded  in  paraffin. 

1:3  objectives  ox’  these  experiments  are  not  readily  apparent. 

The  authors  state  that  hemorrhage  in  vivo  as  a  result  of  laser  irrad¬ 
iation  presents  a  hazard,  and  therefore  effects  on  stained  red  blood 
calls  were  investigated.  The  relationship  of  effects  on  stained  or 
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oaraffin  enbedded  preoarations  to  investigations  in  vivo  is  not  dis¬ 
cussed.  The  cutaneous  cells  included  keratinizing  and  non-keratinizing 
cells  of  the  epidemis  and  cells  from  various  disorders  such  as  non- 
pigmented  basal  cell  carcinomas,  warts  and  moliuscun  contagiosuau 
Zpithelial  cells  included  scrapings  from  the  buccal  and  vaginal  mucosa 
and  Hela  cells  obtained  from  tissue  culture  preparations,  while  there 
was  no  recognizable  effect  reported  in  these  preparations  as  such, 
complete  disintegration  was  observed  when  the  cells  were  vitally 
stained.  The  debris  was  reported  not  to  be  susceptible  to  counter 
staining.  Description  or  details  to  indicate  more  clearly  the  results 
of  laser  radiation,  whether  any  differences  between  these  various  types 


of  tissue  were  apparent  or  whether  any  indication  of  specific  signifi¬ 
cance  were  obtained  would  have  been  desirable.  Varying  the  concentra¬ 
tions  of  the  dyes  to  determine  whether  different  thres.  hold  levels  for 
selective  destruction  of  various  cellular  components  or  subcellular 
organelles  e:d.st  would  have  been  of  interest,  defoliated  cells  of  * 
ulcerated  melanoma  showed  no  melanin  granules  following  irradiation. 


nuclear  structure  however  appears  to  have  been  preserved.  On  the 
other  hand  unstained  material  obtained  from  melanoma  is  reported  to 


have  undergone  cellular  fragmentation,  It  is  difficult  to  reconcile 
these  observations  on  melanoma  cells.  If  nuclear  stricture  was  pre¬ 
served,  then  cellular  fragmentation  could  not  have  been  complete. 
Sharply  demarcated  areas,  indicating  presumably  the  site  if  irradia¬ 
tion,  were  observed  in  paraffin  sections  of  pigmented  and  nen-pigmented 


basal  cell  carcinomas,  warts,  base- squamous  acanthomas  and  mo Hus cum 
contagiosum.  The  significance  of  the  observations  is  not  discussed. 
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Defocusing  resulted  in  spotty  distribution  of  destruction  and 
residual  small  islands  of  unaffected  cytoiogical  notarial.  At  appears 
to  the  rcviavers  tliat  these  results  nap  have  been  due  to  differences 
in  the  cytoiogical  raaterial,  but  rare  probably  are  due  to  non-uniform 
distribution  of  energy  within  the  bear. 

Studies  on  blood  sneers  are  indicated,  as  previously  stated,  to 
be  important  because  of  injuries  to  blood  vessels  and  blood  cells 
following  irradiation  by  "high  intensity  lasers"  of  rabbit  ears  and 
angiomas  in  ran.  ~t  is  difficult  to  determine  vihether  the  effects  of 
laser  radiation  on  blood  s nears  can  be  extrapolated  to  the  induction 
of  henorrhage.  The  effects  on  norm!  blood  srears  are  described  as 
a  whitened  area  of  disappearance  cf  the  red  cells.  X  description  of 
cynological  changes  associated  with  the  effect  observed  by  the  authors 
as  "an  explosion  with  a  formation  of  a  superficial  berb  crater"  uould 
have  been  of  interest  as  it  night  have  indicated  efx'ects  other  than 
heat  per  se.  White  cells  were  not  damaged.  Hals  has  been  stated  in 
a  number  of  reports  by  other  authors.  Studies  in  progress  on  amoeboid 
reverent  and  alkaline  phosphatase  of  white  calls  are  listed  -without 
indication  of  the  methodology  or  results.  Similar  effects  on  the  red 
cells  and  white  cells,  respectively,  are  reported  on  smears  obtained 
from  a  patient  with  lymphatic  leukemia.  The  reasons  for  this  experiment 
are  not  apparent  or  stated.  Buffy  coats  or  purulent  e:cudates  were 
found  to  -ondergo  undefined  changes  following  laser  irradiation.  Dried 
preparations  of  cell  aggregates  obtained  frer  a  number  cf  sicin  lesions 
are  reported  to  show  "a  grossly  visible  area"  narking  the  site  of 
irradiation.  Extensive  cellular  destruction  was  present.  2-joist  pre¬ 
parations  vara  significantly  lass  damaged  than  dry  pre- 
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p orations.  It  ’.:culd  appear  that  this  .Tap  have  been  due  to  the  thermal 
properties  of  water.  Vital  staining  of  all  materials  significantly  in¬ 
creased  the  decree  of  undefined  destruction.  If  histological  changes 
had  been  described,  this  right  have  provided  information  as  to  whether 
differential  effects  on  cellular  components  occurred.  Some  e:rplanation 
of  this  could  have  been  derived  from  spec tr o grannie  studies. 

The  authors  indicate  that  they  consider  "the  rest  practical  and 
simplest  test  for  studying  attempted  protection  of  biological  material 
against  the  laser  bean"  to  be  the  use  of  hair  preparations  mounted  on 
glass  slides.  it  appears  questionable  that  an  essentially  inactive 
structure  such  as  hair  would  lend  much  information  in  regard  to 
actively  metabolising  systems.  The  effects  on  hair  would  be  largely 
due  to  its  pigment  content,  while  most  tissues  do  not  contain  signif¬ 
icant  or  any  amounts  of  melanin.  ■Lt  would  therefore  be  difficult  to 
e:rtrapolate  iron  the  effects  on  pigmented  material  to  r. on-pigmented 
structures.  The  differences  between  the  low  water  content  of  hair 
and  high  water  content  of  most  tissues  would  also  name  comparison  of 
the  respective  affects  difficult.  Furthermore  the  structure  of  hair 
is  markedly  different  from  that  cf  most  organised  living  tissues, 
which  would  prevent  correlation  of  she  respective  interactions.  It 
therefore  appears  that  the  differences  between  hair  and  the  majority 
of  other  tissues  are  such  that  the  hair  cannot  be  considered  as  a 
model  for  the  study  of  laser  hazards.  Further  data  with  regard  to 
the  references  made  to  detailed  histochenical  studies  on  hair  follow¬ 
ing  irradiation  have  not  been  described  in  she  publications  reviewed. 
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11 though  the  authors  had  indicated  that  they  were  studying  a 
number  of  fungi  and  bacteria,  aha  only  reference  to  micro-organisms 
appears  to  be  to  tfr.oa  versicolor.  In  the  absence  of  Ivans  blue  no 
changes  v/ere  observed,  while  following  vital  staining,  destruction 
of  both  the  epidsrr.nl  cells  and  fungal  elements  vs s  seen.  Chromo- 
so:..s  preparations  fren  "chromosome  cultures" ,  (not  othenh.se 
identified  in  regard  to  nature  of  origin  or  method  of  preparation) 
are  reported  to  show  no  effect  unless  stained  with  orcein  which 
resulted  in  extensive  destruction  following  laser  irradiation.  There 
is  no  indication  of  what  is  meant  by  "destruction"  in  regard  to  hist¬ 
ological  or  cytological  descriptions. 

It  is  difficult  to  be  clear  about  the  results  observed,  part¬ 
icularly  since  methodology  and  sources  of  materials  are  not  adequately 
described.  * rasumably  the  objectives  of  the  investigation  v/ere  to 
generally  screen  the  effects  of  laser  radiation  on  a  number  of  avail- 
cioiLs  pr3p2jrci*Di.cr!.s  •  The  conclusion  would  appear  to  be  vdC1.  U  coloring 
which  results  in  absorption  of  the  radiation  (expressed  by  the  authors 
as  "increased  the  energy  of  absorption  of  the  laser  beams")  results 
in  increased  dar.rn.ge  to  cellular  and  sub-cellular  elements. 

The  paper  reviewed  above  was  a  short  report.  Since  the  number  of 
samples  studied  in  each  case  are  not  given,  and  since  a  large  variety 
of  materials  vara  studied,  it  must  be  presumed  that  very  few  samples 
of  such  material  were  irradiated.  Tha  results  obtained  ccr.aecuer.tly, 
cannot  be  considered  as  of  statistical  significance. 

Goldman  et  al  (G)  reported  parallel  studies  on  normal  human  shin 
end  benign  slain  dissasas.  Injuries  induced  by  laser  radiation  on 


r.hr 


ICO 


4  4, 


A 


13- 


ar.d  ricrosconic  appearance  of  the  lesions.  Goldman  ot  al(8, 10}  -report 
the  presence  of  acanthosis  and  bizzare  nuclei  which  resemble  carcinoma 
in  situ  in  epidermal  cells  following  in  vivo  laser  irradiation  in 
humans.  Notwithstanding  the  observation  of  histological  changes 
suggestive  of  formation  of  skin  cancer  foliov/ing  laser  irradiation, 
studies  on  normal  human  volunteers  and  on  patients  with  benign  skin 
diseases  were  continued  without  intervening  studies  on  animals. 

llo  narked  changes  were  found  in  psoriatic  plaques  following 
laser  irradiation  whether  or  not  tar  or  dye  had  been  applied  to  the 
lesions,  in  contradistinction  to  previous  findings  by  the  authors  and 
others,  in  which  the  application  of  dyes  we-e  found  to  alter  markedly 
the  effects  of  laser  radiation  on  skin.  Angiomas  in  infants  (33) 
and  children,  port  wine  angiomas  and  senile  angiomas  were  also  exposed 
to  laser  irradiation  at  6943  S.  Angiomas  in  infants  and  older  patients 
underwent  resorption.  Since  angiomas  in  children  have  a  high  spontan¬ 
eous  regression  rate,  it  is  difficult  to  evaluate  the  extent  to  which 
laser  irradiation  contributed  to  their  resolution,  as  compared  to  the 
natural  course  of  the  disease.  It  should  be  noted,  however,  that 
regression  of  angiomas  as  a  spontaneous  phenomenon  occurs  gradually 
while  that  induced  by  laser  radiataon  presumably  proceeded  more  rap¬ 
idly.  Obviously  a  great  deal  of  additional  studies  on  the  safety  of 
the  procedure  in  regard  to  long-term  hazards  are  indicated,  before 
laser  radiation  can  be  considered  as  a  possible  approach  to  the  treat¬ 
ment  of  a  spontaneously  resolving,  benign,  rather  insignificant  shin 
lesion  in  early  life,  following  observations  on  long  term  results, 
it  will  then  be  necessary  to  evaluate  statistically  the  potential 
therapeutic  advantages  which  laser  irradiation  may  offer  in  comparison 
to  established  procedures  in  the  management  of  this  disease. 
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The  vast  majority  of  basal  ceil  carcinomas  and  squamous  coll  car¬ 
cinomas  cl  tic  s'.iin  era  amenable  to  ...unagement  by  established  techniques , 
such  us  surges rj  (including  electrcsurgery  and  cryotherapy)  and  radiation 
therapy.  2 y  these  methods  the  cure  rate  is  in  e::cess  of  $l,t.  These 
types  of  cancers  present  serious  therapeutic  problems  ‘/hen  she 7  sec one 
deeply  invasive  (basal  cell  carcinoma)  or  netustatic  (scuar.ous  cell 
carcinoma).  fortunately  this  is  a  rare  occurrence,  since  the  super¬ 
ficial  lesions  are  usually  recognised  in  tine  for  definitive  management. 
In  view  of  the  highly  adequate  established  methods  of  managing  urinary 
epithelial  tumors  of  the  slin,  it  is  difficult  to  assess  the  clinical 
indications  for  exploring  laser  radiation  in  these  tumors,  -his  be¬ 
comes  a  suiter  of  particular  concern,  since  the  harmful  effaces  of 
laser  radiation,  particularly  the  long-term  results,  have  not  been 
adequately  e:r?lorsd.  Iven  from,  an  immediate  point  of  view,  some 
possible  dangers  are  apparent  which  require  exclusion  before  laser 
radiation  is  applied  to  concur  which  is  curable  by  present  methods. 
Possible  immediate  sources  of  danger  have  to  be  considered  in  view  of 
our  lac::  of  hnowl_dg3  of  the  mechanisms  of  interaction  of  laser  radia¬ 
tion  wish  tissues.  The  energy  transformations  and  oocsible  pressure 


•.:aves  associates;  wa an  tne  initial  interaction  ooula  rcsu_t  an  one  ois- 
locaticn  of  viable  earner  cells  which  nay  then  be  spread  from  the 
original  site  of  the  tumor  by  local  extension  into  deeper  layers  of 
tissue,  .alternately,  dissemination  of  tumor  cells  may  occur,  if  they 
are  propelled  by  the  sudden  generation  of  pressure  waves  into  the  blood 
stream  or  the  lymphatic  charnels  from  v.hich  they  could  be  further 
disseminated.  This  could  result  in  metastatic  spread,  earlier  than 
would  occur  in  the  natural  course  of  the  disease. 
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The  problem  of  local  extension  has  to  bo  considered  in  regard  so 
basal  cell  carcinoma  as  ’./oil  as  squamous  cell  carcinoma.  local  exten¬ 
sion  nay  result  in  a  buried  lesion  which  nay  proliferate  without  becoming 
apparent,  until  it  is  no  longer  curable .  In  regard  to  souar-ous  cell 
carcinoma  the  induction  of  a  neta static  process  by  blood  or  l;-cr.ph  born 
dissemination  would  obviously  place  this  type  of  tumor  beyond  the 
reaches  of  curative  procedures,  -imilar  considerations  apply  to  other 
types  of  primary  cancer,  such  as  .‘.align act  melanoma,  which  are  well 
laiowa  for  their  propensity  to  disseminate  as  a  result  of  superimposed 
trauma.  To  data,  animal  studies  have  not  been  conclusive  in  demon¬ 
strating  whether  laser  irradiation  of  experimental  tumors  may  result  in 
an  increase  in  the  degree  of  local  extension  or  in  the  rate  of  devel¬ 
opment  of  metastases.  However,  there  is  some  indication  that  local 
extension  can  occur,  -t  xtuld  clearly  be  indicated  that  pertinent 
dap£  from  experimental  tumors  in  animals  be  obtained  before  clinical 
studies  are  undertaken.  Since  laser  irradiation  of  primary  cutaneous 
tumors  in  man  are  not  based  on  any  specifically  unique  indications, 
studies  on  othen-ri.se  curable  tumors  in  man  would  appear  inadvisable 
on  the  basis  of  inadequate  isoowiedge  of  immediate  as  well  as  long¬ 
term  hazards. 

Initial  studies  by  Goldman  and  associates  (3)  on  laser  irradiation 
of  basal  cell  carcinoma  failed  to  show  eradication  of  the  tumor, 
hesidual  tumor  cells  were  found  and  early  recurrence  was  reported. 

Goldman  and  '..risen  (9)  subsequently  reported  laser  irradiation  of  £ 


lesions  in  a  patient  with  multiple  nodular  basal  cell  carcinomas  at 
energy  densities  ranging  from  20  to  13,000  joules  per  cm2.  One  of 
these  3  lesions  was  irradiated  with  4  successive  pulses  at  ICO  joules 
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that  their  data  indicate  a  relationship  between  the  energy  density  end 
the  eventual  response  of  the  tumor  to  irradiation.  Documentations  of 
this  conclusion  require  further  stuay  at  various  power  and  energy  levels 
The  authors  state  that  although  no  significant  epidermal  or  vascular 
changes  were  noted  wiiich  would  suggest  precancerous  changes  in  the  skin 
or  oarage  to  the  blood  vessels,  longer  periods  of  observations  are  re¬ 
quired  to  determine  the  late  effects  of  laser  radiation  on  the  tissues 
of  ran.  ”hey  further  advocate  that  conventional  methods  of  surgery 
and  radiation  should  be  used  in  the  treatment  of  basal  cell  epitheliomas 
i-cGuff  et  al  (ll)  reported  studies  on  3  patients  -.ri.th  malignant 
melanoma  and  one  on  a  patient  with  a  squamous  cell  carcinoma  of  the 
orbit.  The  initial  part  of  the  paper  is  concerned  with  the  history 
of  the  development  of  lasers  and  the  physical  aspects  thereof.  The 
statement  that  "the  laser"  has  the  unique  characteristics  of  being 
coherent,  monochromatic,  ana  capable  of  high  intensity  should  have  been 
modified,  since  laser  radiation,  while  it  possesses  a  high  degree  of 
coherency  and  a  relatively  narrow  bandwidth ,  is  not  completely  coher¬ 
ent  r.or  monochromatic.  In  conjunction  with  the  studies  on  man,  animal 
studies  are  reported.  I >.11 grant  melanoma  of  human  origin  which  had 
initially  been  grown  in  cheek  pouches  of  hamsters,  was  transplanted 
beneath  the  mucous  membrane  of  the  cheek  pouch  of  a  second  series  of 
hamsters,  eighteen  tumors  of  -unstated  'size  were  irradiated,  and  17 
were  used  as  controls.  Amongst  this  group  of  tumors  both  amelanotic 


and  melanotic  tumors  were  found,  although  they  '..-ere  derived  from  a 
single  source.  Both  the  size  and  pigment  content  of  the  tumor  on 
irradiation  would  be  of  significance  since  these  factors  may  affect 
the  results  obtained,  the  studies  on  thyroid  carcinoma  of  human 


origin  transplanted  to  the  cheek  pouch  of  the  hamster,  the  size  of  the 


o  loci  oil  fictions  vere  studied  to  ascertain  taut  all  furor  nan  zcer. 
_ostrcyed. 

Following  irradiation  of  vali grant  relanora  of  uac.3fir.ed  eise, 
in  ran  at  332  joules,  at  6343  raligrcrt  cello  '-'ere  evident 

on  histologic  eccsriraticn  of  one  lesion  6  weeks  after  laser  irradia¬ 
tion.  Apparently  other  furor  nodules  vers  irradiated,  but  not  reported 
other  tuner o  irrc.diatod  in  no  include  a  recurrent  scuarous  cell 
3pith.0li0r.ca  of  the  orbit,  cr.  irtrenasal  relanova.,  and  surgically 
ecccosed  subcutaneous  ret_.st.ices  of  relanora.  Conplete  regression  v;as 
not  observed  in  any  of  the  irradiated  lesions. 

The  author 1  s  statement  "it  is  likely  that  a  r.ore  profound  biol¬ 
ogical  effect  nay  be  obtained  with  a  laser  of  lover  wavelength  than 
that  provided  by  ruby8  would  require  substantiation,  -t  is  presuned 
that  lover  wave  length  tears  a  shorter  vave  length. 

Methods  for  r.easurer.ent  of  tonperature  are  described.  A  therr.o- 
coupls  proce  was  inserted  within  the  tunor,  and  ter.perature  r.earare- 
rerts  wore  nado  d'uri-'.g  and  following  irre  diation.  “t  is  probable  that 
so:r.3  of  the  torperafuroc  reported,  such  as  71 6°?  at  2  m. ,  and  20*  °? 
at  5  n:..,  are  due  to  direct  irradiation  of  the  therr.ocouple ,  rid  ray 
not  correspond  to  the  actual  temsrature  of  the  tissues  at  those 


aept.cs.  -me  characteristics  01  the  taer: 
•..'ould  give  further  ir.forr.cation  os  to  *..:hst 
tissue  feroeratures  or  tartly  due  to  than 


cccoutae  response  an  tissue 
r  these  terserafures  wore 
toooutle  radiation  assort ti on. 


probe,  the  depths  given  -  2  rat.  and  5  or..  -  roust  be  considered  as 
estimates.  Although  the  so-called  "thernal  decay  tine"  for  a  cor.plete 
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tumor  sysucu.  during  and  following  laser  radiation  was  compared  with 
thermal  changes  produced  by  cautery,  certain  problem  arise  in  coupari 
those  nodes  of  injury,  since  the  initial  energy  distribution  within 


the  tunor  differs  in  both  cases. 

The  discussion  cannot  be  easily  reviewed.  The  heading  of  she 
first  part  of  the  discussion  is  "Relationship  of  Laser  Inergy  to  Tine 
and  Relativity",  done  personnel  hazards  which  are  discussed  were 
previously  described  nore  extensively  by  various  authors  (5). 

hcGuff  et  al  (ll)  state  that  the  effect  of  laser  energy  on  nomal 
tissue  is  niniral  and  healing  is  rapid,  but  present  no  evidence  no 
support  this  statement.  This  is  in  direct  contradiction  to  oIlS  pub— 
lashed  findings  (discussed  in  another  section)  of  the  various  invest¬ 
igators  who  have  intensively  studied  effects  on  nomal  tissues.  The 
effects  on  normal  tissue  depend  on  the  properties  of  the  tissue  and 
of  the  radiation,  -f  the  normal  tissue,  such  as  the  hamster  cheek 
pouch,  is  relatively  transparent  to  the  radiation,  the  effects  will 


be  Halted  to  the  blood  vessels,  however,  if  the  tissue  is  relatively 
opaque  to  the  radiation  (such  as  pigmented  skin  or  liver)  then  a 
definitive  effect  will  be  observed. 


In  discussing  the  effects  of 
state  (ll)  that  the  effectiveness 
characteristics,  including  either 


laser  energy  on  tumors,  the  authors 
appears  to  bo  related  to  several 
energy  density  or  power  density. 


Both  anerg 
total  ener 


tunor  size 


and 


if-,. 


y  density  and  power  density  are  of  consequence  (12). 
gy  and  the  total  power  as  are  not  considered  as  para 
s  is  implied  as  the  ratio  of  the  dose  and  the  target 
.  It  is  stated  that  "laser  has  a  minimal  immediate 
temediate  effect  of  progressive  regression"  of  the 


The 

r.".s'O0irs  j 
area  to 
effect" 
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cannot  ba  construed  sc  therapeutic,  but  have  so  be  viewed  us  oirpuora- 
mory,  it  smears  cre.ru.turc  to  refer  zo  these  procedures  as  effective 
therapeutic  measures.  The  authors  irmly  that  laser  radiaeioa  initiates 
a  -^regressing  process  which  then  continues  to  result  in  surer  rcsolutio 
*'lu.s  intimation  is  rude  although,  according  to  the  authors'  ovn  obser¬ 
vation  (  11) ,  complete  tumor  resolution  did  non  occur  in  any  of  the 
patients  treated.  The  remainder  of  ths  summary  infers  the  inactiva¬ 
tion  of  a  hypothetical  enzyme  necessary  "for  the  metabolism,  of  the 
tu_or;I  which  is  postulated  to  undergo  inactivation  or  change  in  specifi 
city,  as  a  result  of  laser  irradiation,  although  "high  electrical 
fields'1  ray  change  molecular  bonds,  the  presence  of  high  electric 
field  in  tissue  is  difficult  to  establish. 

Goldman  (13)  reported  on  the  effects  of  laser  radiation  at  6943  2. 
and  an  energy  output  of  0.34  joules  per  pulse  (pulse  duration  of  the 
order  of  a  millisecond)  in  a  paper  entitled,  "rathology  of  the  If feet 
of  the  Laser  Beam  on  the  limn" .  In  this  report  gross  and  microscopic 
appearances  of  the  lesions  produced  by  laser  radiation  in  Caucasian 
and  he pro  volunteers  are  reported  in  addition  to  a  number  of  insects 
(black  wido*j  spider,  cocluroach.es ,  caterpillars),  smears  from  buccal  and 
vaginal  mucosa,  pigmented  and  non-pirn anted  basal  cell  carcinomas,  nel- 
ar.o.-ua  and  other  structures  to  v;hich  these  authors  refer  in  several  oth.e 
publications,  llo  details  of  their  methodology  are  given  in  this  pres¬ 
entation.  2-oldran  et  al  (13)  report  inflaittSory  changes  in  pigmented 
slmn  following  laser  irradiation  ’.;hich  were  not  apparent  in  Caucasian 
shin  sluLlarly  exposed.  4s  described  in  anoth.er  report  by  the  authors 
stripping  of  the  hcratin  layer  v.dth  and  without  application  of 
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soot  did  nor  produce  pathological  changes  at  this  energy  level.  In 
colored  shin  (presumably  Negro  shin  rather  than  artificially  colored) 
laser  irradiation  produced  superficial  lesions  with  fragmentation  and 
splitting  of  the  stratum  come ’em.  In  some  lesions  the  cells  of  the 
upper  layer  were  eosinophilic  aid  pyhnotic,  indicating  that  they  had 
undergone  degeneration.  lasal  cell3  showed  hydropic  degeneration  with 
decrease  in  cellular  sine,  pyhnotic  nuclei  and  eosinophilic  staining. 
There  was  considerable  variation  in  the  degree  of  injury  at  the  cellular 
level.  'The  area  adjacent  to  the  site  of  irradiation  shoved  edema  in 
the  epithelial  cells  as  veil  as  in  the  dermis.  A  perivascular  infiltrate 
was  also  present.  The  capillaries  ’./-ere  dilated  and  the  endothelial  cells 
were  distended.  No  changes  ware  observed  in  the  eccrine  sweat  glands 
at  the  lower  level  of  the  dermis.  The  authors  do  not  report  on  changes 
in  the  melanin  granules  although  one  would  enpect  that  these  would  have 
been  altered.  Since  the  authors  suggest  that  the  difference  in  the 
reaction  of  colored  and  Caucasian  shin  respectively  is  due  to  the 
increased  absorption  of  energy  by  the  colored  material,  the  changes  in 
melanin  in  human  shin  would  be  of  significance  as  one  of  the  important 
distinctive  histological  effects. 


In  their  observations  on  the  effects  of  laser  radiation  on  albino 
ana  olach  rabbit  cars,  the  authors  (13)  indicate  that  loss  of  melanin 
pigment  had  occurred.  Shin  of  the  black  rabbit  had  undergone  destruction 
which  emended  through  the  dermis  into  the  cartilage. 

A  deep  reddish  discolored  cone  appeared  following  irradiation  of 
the  head  area  of  the  catr pillar.  Histologically,  a  sharply  demarcated 
zone  of  coagulation  necrosis  was  observed.  The  blackish- brown  setae  of 
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the  cnti-piUar  assumed  a  golden-yellow  appearance  following  laser 
irradiation.  The  significance  of  this  study  is  not  clear. 

Studies  an  experimental  tumors  in  animals  (5,  14)  as  well  as 

normal  animals  (15,  16)  have  indicated  that  pigmented  structures 

(melanin,  hemoglobin)  appeared  to  be  differentially  affected  by  laser 
o  o 

radiation  at  69^3  A  and  10,6C0  A,  as  compared  to  non- pigmented 
structures.  Pigmented  tumors  in  man,  bath  benign  (nevus,  hemangioma) 
and  malignant  (malignant  melanoma,  Kaposi's  hemorrhagic  sarcoma)  were 
included  in  clinical  explorations  of  laser  radiation  in  humans  (8,  10, 
11,  17,  18). 

Goldman  et  al  reported  observations  (8,  10,  19)  on  irradiation 
of  benign  nevi  and  malignant  melanoma  in  patients.  Some  of  the  lesions 
were  excised  following  irradiation  while  others  were  left  in  place  for 
varying  periods.  The  authors  report  a  superficial  coagulation  necrosis 
distinguished  from  that  produced  with  electrocoagulation  or  heat 
cauterisation  oy  the  sharp  line  of  demarcation,  as  previously  reported 
in  animal  studies  by  Fine,  Klein  et  al  (3,  5,  1^,  15,  16,  20). 

Goldman  et  al  (19)  further  remarked  on  the  resistance  of  hair  follicles 
to  laser  radiation.  In  this  report  they  state  that  tissue  necrosis 
continues  to  spread  for  some  time  after  irradiation.  This  reaction 
appears  to  differ  from  that  reported  by  the  authors  (9)  is.  irradiated 
basal  cell  carcinoma,  in  which  delayed  reactions  were  not  observed. 
Reference  is  made  in  this  report  (19)  to  focussed  radiation  without 
stating  the  beam  convergence,  thus  rendering  it  difficult  to  assess  the 
distribution  of  the  energy  delivered  in  relation  to  the  effects 
observed.  Following  an  interval  of  21  days  after  irradiation,  micro- 
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sccpic  sections  showed  an  a tropic  epidermis  wi thout  abnormal  cells 
and  a  sharply  demarcated  fibre tic  scar.  A  description  ox"  the 
immediate  specific  changes,  2nd  of  the  subsequent  course  would 
have  been  of  interest. 

The  observation  for  instance,  that  hair  follicles  are  "res is tans" 
to  laser  radiation  is  not  supported  by  documentation.  Insufficient 
documentation  relating  to  gross  as  well  as  microscopic  evidence  was 
presented  in  regard  to:  whether  hair  growth  continued;  the  degree  of 
pigmentation  of  the  hair;  where  the  hair  follicle  was  located  in 
relation  to  the  irradiation  site,  or  in  relation  to  lesion;  what 
changes  occurred  in  other  tissues  (normal  or  pathological)  which  did 
not  occur  in  the  hair  follicle,  thus  indicating  its  "resistance"; 
whether  "resistance"  was  indicated  by  an  isolated  observation,  or 
was  noted  over  a  period  of  time,  how  many  hair  follicles  were  so 
observed;  etc. 

Similar  considerations  apply  to  the  proposed  central  topics, 
such  as  nevi  and  melanomas,  which  were  irradiated.  Seme  of  the 
importamt  aspects  of  these  studies  require  further  documentation. 
Information  regarding  the  lesions  (i.e. ,  size,  shape)  would  permit 
these  observations  to  be  compared  with  ouher  studies.  The  sequence 
of  changes  induced  by  laser  radiation  warrants  consideration.  Further 
studies  are  indicated  to  e:rter.d  observations,  which  are  presented,  and 
to  substantiate  the  interpretations.  Reports  on  the  follow-up  studies 
over  mere  protracted  observation  periods  will  provide  additional 
information  regarding  these  preliminary  finding. 
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Irradiation  of  the  malignant  melanomas  was  reported  (19)  to  have 
been  studied  in  four  patients  (although  only  3  patients  are  enucer-- 
ated.  One  of  the  3  patients  was  apparently  studied  at  two  energy 
levels).  Excised  nodules  of  melanoma  were  irradiated  .  The  nature 
of  the  destructive  changes  produced  are  not  described.  Red  cells  in 
the  area  of  the  irradiation  are  also  reported  to  have  absorbed 
"considerable  laser  energy"  and  to  "show  changes”.  Further  information 
on  the  nature  of  the  changes  or  the  manner  in  which  the  absorption  of 
energy  was  demonstrated,  would  be  of  interest. 

In  a  second  patient  a  melanoma  which. had  developed  f roa  a  lentigo 
maligna,  was  excised  and  irradiated  with  unfocussed  and  focussed 
radiation  at  a  level  given  as  125  joules  per  pulse.  The  focussing 
characteristics  of  the  lens  system,  are  not  presented.  Superficial  • 
destruction  and  deep  necrosis  were  produced  by  the  unfocussed 
radiation  in  this  in  vitro  specimen.  The  effects  of  the  focussed 
bean  were  stated  as  necrosis  extending  to  approximately  4-5  mm.  in 
depth.  Whether  the  effects  on  the  melanoma  differed  from  those  on 
normal  structures  would  he  of  interest,  as  would  a  description  of  the 
gross  and  microscopic  effects.  The  lesion,  which  was  irradiated, 
apparently  was  a  primary  melanoma  (there  is  no  statement  on  whether 
it  had  extended).  It  would  be  of  interest  to  determine  whether  and 
how  the  effects  of  laser  radiation  on  primary  melanoma  differ  from 
those  on  metastatic  melanoma,  in  the  one  or  more  patients  included  in 
this  report. 

In  a  third  patient,  melanoma  of  the  bach  was  irradiated  in  vivo. 
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Both  focussed  end  unfocussed  radiation  at  a  pulse  level  of  50  joules 
were  employed  (19).  Tie  lesion  was  excised  within  2k  hours  following 
irradiation.  It  would  be  of  Interest  to  know  whether  this  was  a 
solitary  lesion  or  whether  at  the  tine  of  irradiation  metastatic 
disease  was  present.  This  would  be  of  significance,  since  trauna  to 
urinary  melanoma  before  or  during  surgery  is  contra-indicated,  in  order 
to  avoid  the  possible  dissemination  of  nelansna  cells.  Blood  vessels 
in  the  area  of  irradiation  were  reported  to  have  been  thrombosed* 

Since  the  specimen,  however,  was  obtained  2k  hours  following  irradi¬ 
ation,  it  would  not  be  possible  to  determine  whether  thrombosis 
occurred  immediately  or  whether  it  arose  at  some  time  following 
irradiation  as  a  secondary  phenomena.  In  the  latter  event,  there 
would  have  been  enough  time  for  viable  cells  of  malignant  melanoma 
to  have  entered  the  blood  (or  lymph)  vessels  and  thus  be  able  to 
initiate  metastases.  The  force  produced  during  irradiation  dislodges 
cells  and  injures  blood  vessels  (5).  Thus  the  conditions  are  provided 

V 

for  possible  dissemination  of  malignant  cells.  Animal  studies  are  not 
conclusive  but  indicate  that  extension  of  malignant  tumors  may  result, 
depending  on  the  conditions  of  laser  irradiation.  It  would  therefore 
be  of  importance  to  state  what  precautions  wore  taken  to  prevent  the 
possibility  of  dissemination  of  malignant  cells. 

The  patient  listed  as  the  fourth  is  stated  to  have  the  some 
number  of  metastatic  nodules  (i.e.,  53)  of  melanoma  as  the  patient 
listed  as  the  first.  Thrae  nodules  were  exposed  to  "the  ruby  laser 


214 


-27- 


and  to  the  neodymium  laser".  It  is  sat  clear  from  this  statement 
whether  exposure  was  concurrent,  successive,  superimposed,  ar 
whether  one  or  more  nodules  were  exposed  to  only  one  type  of  radiation. 
Conceivably  several,  different  areas  on  each  nodule  were  exposed.  This 
aspect  of  the  methodology,  however,  is  not  presented,  mski ng  it  dif¬ 
ficult  to  interpret  such  description  as  is  given  in  the  observations. 
This  consists  of  a  state-art  that  "deep  necrotic  cones"  were  produced 
by  a  ruby  laser  at  110  joules  per  pulse  where  the  radiation  wa3  focus¬ 
sed.  The  effects  produced  by  the  neodymium  laser  (at  an  energy  level 
of  42  joules  per  cm?  obtained  by  focussing  at  10  joule  output),  are 
described  as  having  been  "deep  destructive  changes".  In  the  absence  of 
a  clear  description  of  gross  or  histologic  appearance  it  is  not  clear, 
whether  there  were  any  differences  between  the  effects  nor  what  these 
'differences  night  have  been.  At  a  level  of  10  joules  or  less  "super¬ 
ficial"  changes  were  observed. 

In  two  patients  suspected  of  having  melanoma,  laser  irradiation 

was  carried  out.  One  of  these  patients  was  found  to  have  angiokera- 

o 

torn  which  was  irradiated  at  6943  A  with  (presumably  a  single  pulse) 
at  0.5  joules  per  pulse.  This  lesion  was  found  to  have  undergone 
superficial  changes.  The  nature  of  the  gross  or  microscopic  changes 
•is  not  stated.  In  the  second  patient  frith  suspected  melanoma,  the 
lesion  was  found  to  he  a  nodular  hidradenoma  which  showed  extensive 
destructive  changes  following  irradiation  at  energy  levels  of  110 
joules  per  pulse  obtained  from  a  ruby  laser.  Although  a  microscopic 
section  was  cade  to  provide  the  diagnosis  no  data  are  presented  on 
such  microscopic  changes  as  might  have  been  produced  by  the  radiation. 
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The  authors  state  that  they  attempted  to  provide  controls  for 

laser  experiments  on  living  tissue  by  irradiating  a  tattoo  mark  on 

the  forearm  of  presumably  a  normal  individual  in  vivo  at  100  joules. 

o 

Radiation  vas  unfocussed  and  presumably  at  69^3  A.  The  epidermis  in 


this  individual  vas  found  to  have  been  lifted  by  the  impact.  Extensive 
basophilic  changes  vers  noted  along  a  "vide  broad  area".  Dermabrasion 
prior  to  irradiation  increased  the  area  of  destruction.  The  sizes  of 
the  areas  involved  by  irradiation  or  the  reaction  to  it,  are  not 
stated  and  therefore,  can  not  be  compared.  Another  portion  of  the 
tattoo  vas  exposed  to  radiation  at  10,600  A  at  an  energy  density  of 
k2  joules  per  cm?,  probably  at  10  joules.  Destruction  vas  reported  to 
be  much  deeper  than  that  produced  by  the  unfocussed  radiation  at  100 


joules  per  pulse  obtained  from  the  ruby  laser.  .Although  these  studies 
were  carried  out  at  different  vara  lengths,  they  vere  not  carried  out 
at  similar  energy  levels  nor  at  similar  .  degrees  of  focussing  end 
consequently  do  not  provide  a  meaningful  basis  of  comparison.  Tais 
attempt  to  provide  control  studies  for  observations  made  on  neoplastic 


lesions  thus  introduced  further  variables  both  in  regard  to  the  physical 
characteristics  of  the  radiation  and  the  biological  characteristics  of 


the  system  under  study. 

Deference  is  mads  to  studies  in  progress  vita  Q- switching 
techniques  applied  to  ruby  and  neodymium  lasers,  respectively.  It  is 
stated  that  the  areas  of  impact  are  smaller  but  that  the  destruction 
is  deeper  in  some  undefined  tissues  while  in  other  the  changes  are 


216 


-29- 


core  superficial.  These  presumably  refer  to  differences  observed  on 
non-Q- switched  and  Q-srritched  irradiation.  It  is  probable  that  the 
Q- switched  and  non-Q- switched  energies  were  not  equal -  The  type  of 
destructive  changes,  furthermore,  are  undefined.  The  statement  is 
also  made  that  preliminary  experiments  with  "the  laser  of  an  exit 
energy  of  a  1000  joules"  at  aa  undefined  wavelength  have  shown  each 
more  extensive  changes  in  tissues,  which  however  are  undefined. 

The  authors  further  refer  (19)  to  studies  in  progress  on  tumors 
in  hamsters  induced  by  polyoma  virus  and  msthylcholanthrene  induced 
tumors  in  mice.  Although  the  relationship  of  these  tumor  systems 
to  pigmented  tumors  in  man  is  not  clear,  the  basis  for  these  studies 
appears  to  relate  to  "changes  in  immunological  mechanisms  which  may  he 
produced  by  the  effect  of  the  laser  bean  which  would  be  more  specific 
for  the  tumor  tissue",  destructive  changes  were  reported  in  polycna 
virus  tumor  at  energy  levels  of  1200  Joules  at  an  undefined  wavelength. 
Since  only  superficial  changes  were  observed  in  methylcholanthrene 
induced  tumors,  the  authors  conclude  that  hyperkeratoses  may  exert  a 
protective  action,  since  hyperkeratotic  masses  were  present  in  the 
mathylcholanthrene  induced  tumors. 

The  authors  conclude  by  stating  that  at  the  time  of  the  study, 
the  laser  should  be  considered  as  a  latest ory  tool  and  not  as  a 
practical  surgical  instrument.  They  indicate  that  little  pain  was 
associated  with  the  interaction. 

Eelsper  et  al  (l8)  reported  observations  following  irradiation 
of  ns vi  and  malignant  melanoma  in  man.  Energy  levels  varied  from 


i 


0.1  Joules  to  2  Joules  per  pulse  focussed  to  a  0.25  nee  at  the  targca. 
Since  the  pulse  duration  was  1  millisecond  at  69^3  %  the  pel-:  power 
output  was  probably  less  than  the  20,000  watts  Given.  The  methods  of 
estimating  the  target  reflectivity  as  lo^  and  the  loss  through  the 
lens  as  6$  is  not  given.  In  excised  nevi  a  snail  area  of  necrosis 
appeared  in  the  center  of  the  lesion.  Tissue  destruction  was  observed 
to  extend  to  the  pi— entod  basal  layer  of  the  epithelium  without  appar¬ 
ent  charges  in  the  non  pi— anted  supporting  tissues. 

Two  patients  with  wide-spread  netastatic  malignant  nelanona 
were  irr dieted .  Pas  subcutaneous  nodules  which  •'..’ere  selected  for 
irradiation  were  treated  with  edrennlin  to  prevent  bleeding  and  with 
a  local  anaesthetic  to  avoid  pain.  The  lesions  were  surgically 
exposed  prior  to  irradiation.  The  number  exposures  varied  from 
1  to  15,  following  which  the  surgical  wound  was  closed.  The  irradiated 
area  shoved  redness  and  tenderness  but  no  purulence.  or  drainage.  Two 
weeks  f oiler.. ing  irradiation  it  was  noted  that  the  snail  treated 
netastatic  neduies  began  to  decrease  in  sice  and  eventually  disappeared 
Larger  nodules  did  not  undergo  narhed  regressions  but  shewed  depression 
Maxinun  decrease  in  size  occurred  at  5  to  S  weeks  following  irradia¬ 
tion.  The  nodules  which  had  not  conpletely  disappeared  by  then, 


apparently  began  to  increase  again.  It  wo: 


eve  ceen  of  interest 


to  have  acre  information  concerning  the  physical  parameters  of  the 
modules  under  study.  Microscopic  examination  of  sane  nodules  which 
were  presumably  irradiated  revealed  phagocytes  containing  large  amours s 
of  pigment  rather  than  viable  tumor  cells  eight  weeks  post-irradiaaion 
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A  suggestion  that-  irradiation  with  lov:er  laser  doses  over  longer 
periods  applied  to  larger  areas  resulted  in  more  marked  tumor  necrosis 
at  an  earlier  post  treatment  time  does  not  appear  to  be  substantiated 
since  irradiation  data  is  lacking.  Although  the  authors  conclude  that 
the  effects  could  not  have  been  due  to  thermal  factors  per  se,  alter¬ 
native  mechanisms  for  affecting  the  course  of  the  tumors  were  not  discussed. 

The  authors  (18)  refer  to  studies  on  adenocarcinoma  which  was  not 
affected  by  laser  radiation,  unless  dyes  were  introduced  into  the 
irradiation  site.  Sven  the  dyed  specimens  were  found  to  be  less  altered 
by  laser  radiation  than  malignant  melanoma.  The  type  of  adenocarcinoma 
and  a  description  of  the  effects  would  be  of  interest. 

The  authors  further  refer  to  studies  in  progress  on  tissues 
cultures  in  order  to  determine  whether  a  cytotoxic  product  may  be 
produced.  They  suggest  that  an  enzyme  or  a  new  compound  might  be 
formed  and  indicate  that  their  studies  suggest  that  such  a  material 
exists.  Although  such  an  observation  would  be  of  ver 7  considerable 
significance,  no  details  are  presented  that  would  indicate  the  nature 
of  the  preliminary  indications  for  its  existence.  The  authors  conclude 
that  no  significant  therapeutic  effect  has  "yet  been  demonstrated 
although  some  possibilities  are  suggested11  for  the  management  of 
malignant  disease.  It  is  not  clear  from  their  report  what  specific 
therapeutic  possibilities  were  suggested. 

Rosonoff  et  al  (28)  described  effects  following  laser  irradiation 
of  carcinoma  of  the  larynx  and  carcinoma  of  the  lung. 
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T-r-.a-r  radiation,  was  obtained  at  c9^3  A,  at  energy  levels  of  1-3  joules 

per  pulse  at  a  pulse  duration  of  5  milliseconds.  The  target  spot  size 

o 

on  focussing  was  estimated  as  In  .  The  laryngeal  tunor  which  had 
extended  to  the  shin  of  the  left  sub  ns  lillary  area  presented  an  exposed 
area  of  1  X  10  centiraters.  The  bean  was  focussed  with  a  cuartz  lens 
with  a  focal  length  of  9  centimeters.  ?ive  presumably  superinposed 
exposures } probably  focussed  to  a  depth  of  5>  °  and  8  centimeters 
through  the  center  of  the  lesion  were  delivered.  The  half  value 
depth  for  the  radiation  is,  of  course,  much  less  than  this.  The 
patient  reported  no  subjective  sensations  during  the  irradiation. 

ITo  reaction  at  the  tunor  surface  was  detected  following  irradiation. 

It  would  be  of  interest  to  know  how  the  patients  eyes  were  protected. 

Partial  necrosis  of  the  tunor  was  noted  over  a  6  week  period 
following  irradiation.  The  necrotic  area  was  de'orided  and  a  second 
course  of  exposures  was  carried  out.  Cue  side  of  the  lesion  was 
pointed  with  Ivans  blue.  Irradiation  was  carried  out  in  a  "checker¬ 
board  distribution"  at  1  centimeter  intervals.  The  exposures  were 
carried  out  on  each  side  focussed  to  an  estimated  depth  of  1,  2  and  3 
centimeters,  respectively.  Apparently  no  gross  reaction  was  noted. 

Other  characteristics  of  the  necrosis  were  ascribable  that  would 
differentiate  this  lesion  from  the  evident  spontaneous  areas  of  necrosis 
Since  ns  indications  of  burn  pathology  *.rere  observed,  the  authors, 


therefore,  consider  purely 


If* 


cts  as  unlikely  to  be  respons¬ 


ible  for  the  changes  observed,  (they  do  not  refer  to  the  considerable 
literature  dealing  with  this  Question).  They  further  exclude  analogy 


to  X-ray  by  the  statement  that  with  the  power  output  utilised  in  the 
present  study,  laser  is  not  ionizing,  but  present  no  data  to  support 
this  view.  The  reehanisn  of  action  is  considered  as-  possibly  similar 
to  that  associated  with  Z-rsys  in  that  the  integrity  of  the  cell 
noebrane  system  may  be  disrupted.  The  patient  died  3  weeks  following 
the  second  course  of  laser  radiation.  On  microscopic  examination  of 
post-mortem  specimens  foci  of  necrosis  rare  found  throughout  the 
tumor.  Within  these  necrotic  foci,  however,  rounded  areas  spaced  1 
centincter  apart  rare  noted  and  rare  considered  as  being  associated 
with  the  second  course  of  laser  radiation.  The  other  necrotic  areas 
which  rare  irregular  in  distribution  rare  assured  to  be  due  to 
spontaneous  necrosis.  The  authors  stated  that  there  were  no  character¬ 
istics  by  which  one  fora  of  necrosis  could  be  distinguished  frsr  the 
other.  The  irradiated  sites,  however,  rare  sharply  circumscribed 
and  showed  almost  total  cellular  destruction  and  basophilic  staining 
of  the  residual  debris.  Apparent  viable  tumor  cells  were  immediately 
adjacent  to  the  sharply  circumscribed  necrotic  areas  related  to  laser 
radiation. 

Analogous  studies  rare  carried  out  on  an  apparently  subcutaneous 
lesion  which  had  arisen  in  a  metastasis  of  carcinoma  of  the  lung. 

The  irradiated  mass  appeared  to  have  decreased  in  size  within  one 
week  of  laser  irradiation.  Further  observations  during  the  eight 
week  period  which  preceded  the  death  of  this  patient,  would  have  been 
of  interest.  Histological  studies  rare  carried  out  on  the  post- 
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the  sites  involved  by  tusrr  as  cornered  to  control  sites  which  had 
not  been  irradiated. 

In  the  fourth  patient  a  superficial  nelanona  was  exposed  to 
laser  radiation.  Biopsies  over  an  8  north  period  failed  to  show 


tunor  cells  except  for  an  area  which  had  received  a  lover  energy 

density.  At  that  site  an  intra-epidemal  recurrence  of  nelanona 

2 

was  observed.  Six  additional  exposures  at  TO  joules  per  cm  were 
followed  by  clearing  oi  this  lesion. 

In  the  fifth  patient,  lesions  of  Kaposi’s  hemorrhagic  sarcona 
were  irradiated.  One  of  the  lesions  which  was  biopsied  was  in  the 
angiomatous  phase.  Response  to  previous  treatment  with  X- ray  therapy 
had  resulted  in  partial  regression,  which  was  temporary .  Laser  radiation 


resulted  in  "deep  charring  and  subsequent  fading  of  the  target  area". 
Peripheral  cones  of  the  residual  tunors  "..’ere  present  after  the  nodular 
portion,  which  presunably  was  in  the  center  of  the  irradiation  field, 
had  disappeared.  If  the  irradiation  field  covered  the  entire  nodule, 
the  lesions  appeared  to  have  undergone  complete  resolution.  Lesions 
which  were  wore  extensive,  such  as  erythematous  plaques,  showed  fading 
which  was  United  to  the  irradiation  field.  Nodular  lesions  and  plaques 


which  had  not  received  X-ray  or  laser  radiation  continued  to  spread.  It 
is  not  clear  from  the  description  whether  the  partial  effect  on  erythe¬ 
matous  plaques  urns  temporary  or  lasted  for  the  8  souths  of  the  obser¬ 
vation  period.  Lesions  which  had  disappeared  entirely,  did  not  recur 
during  this  observation  period. 

It  is  not  clear  fron  the  description  whether  the  evaluation  of 
the  effects  are  based  on  gross  inspection  as  well  as  microscopic 
examination.  It  appears  that  microscopic  studies  were  carried  out. 
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since  tie  statement  regarding  activity  in  the  peripheral  sene  of  lesions 


(not  completely  covered  by  the  radiation  field)  would  probably  have 


been  cade  on  the  basis  of  histological  examination.  It,  furthermore. 


would  have  been  difficult  to  cone  to  the  conclusion  that  the  tumors 


had  cleared  completely  and  that  recurrences  were  not  present  in  those 


lesions  which  had  disappeared,  unless  biopsies  were  carried  out. 


The  si::th  patient  was  a  white  female  with  a  5  yssr  history  of 


Kaposi's  hemorrhagic  sarcoma.  Apparently  the  patient  had  responded 


iation  in  the  past,  but  this  modality  was  not  used  again. 


Laser  radiation  was  given  to  recurring  nodules  and  to  a  nodule  which 


had  arisen  de  novo.  Initial  charring  and  crusting  which  was  followed 


by  flattening  and  the  presence  of  a  brown  discoloration  followed 


laser  irradiation-.  However,  a  biopsy  obtained  b  months  later  of 


one  of  the  nodules  ihich  had  been  irradiated,  continued  to  show  the 


angiomatous  phase  of  the  disease.  ’The  continued  presence  of  tumor  is 


described  as  involving  scattered  areas  in  which  fibrosis  •  had  tai-cen 


since.  It  is  difficult  to  evaluate  the  significance  of  these  observa¬ 


tions,  since  lesions  which  had  not  received  treatment  during  the  period 


of  cossrvamon  ana  non  appear  no  nave  unaergone  cnanges.  rr  view  of 


the  considerable  variability  of  the  course  of  individual  lesions  in 


patient,  it  is  difficult  to  del 


what  tne  effects  os 


laser  radiation  had  been.  Since  apparently,  a  pretrsatment  biopsy 


the  lesion  had  not  been  obtained,  direct  comparison  vi 


Irradiation  status  is  rot  possiols. 


Caoe  ~1  was  a  patient  who  had  advanced  ulcerative  carcinona  of 


the  breast.,  A  heavy  fibrinous  ewudane  exposed  to  laser  radiation 
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shcwed  no  gross  evidence  of  changes.  After  debridenent,  however, 
laser  radiation  produced  deep  charred  areas  in  the  tunor.  These 
studies  could  not  be  continued  due  to  death  of  the  patient  within 
two  weeks  of  laser  irradiation. 

Apparently  a  biopsy  was  not  obtained  iron  the  site  of  irradia¬ 
tion  in  this  patient.  The  nature  of  the  changes  would  have  been  of 
interest,  in  order  to  determine  whether  the  effects  of  laser  radia¬ 
tion  on  carcinona  of  the  breast  differed  iron  those  produced  in  the 
other  types  of  tuners  presented  in  this  report. 

In  the  eighth  patient  an  intro- epidemal  squanous  cell  care lnoga 
( Iowan' s  Disease)  located  on  the  forehead  was  irradiated.  Dour  days 
following  exposure  to  laser  radiation  the  entire  lesion  was  excised. 
Although  the  patient  had  ’seen  protected  with  heavy  glasses  and  a 
black  cloth  covering  .his  eyas,  he  reported  a  bright  flash  of  light. 

A  solar  cell  which  had  been  placed  over  his  eyelids  did  not  indicate 
penetration  of  laser  radiation.  The  possibility  that  the  patient's 
observation,  of  a  bright  flash  of  light  was  due  to  transillunination 
of  the  tissues  was  raised.  Cphthaiaic  studies  would  be  of  interest. 


The  authors  further  consent  on  the  fact  that  no  recurrence  has  been 


noted  in  this  lesion.  Provided  excision  was  adequate,  a  recurrence 
would  not  be  expected,  whether  or  not  laser  radiation  had  been  enployed. 


Presurably  the  lack  of  recurrence  is  enphasized  in  order  to  indicate 
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A  si::  north  observation  period,  however,  uou. id  not  be  sufficient  to  eu- 
- '  _  this  possibility  since  deeply  buried  turor  con  proliferate  for 

roro  protracted  periods  than  sin  norths  without  becozinp  grossly 
obvious  on  clinical  ersrinaticn.  The  observations  code  on  serial 
biopsies  to  exclude  the  possibility  of  subnerped  rennnnces  of  the 
tuner,  would  be  of  interest. 
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They  refer  to  studies  using  cryotherapy,  Z-ray  and  grenz  ray  radiation 
as  the  controls.  It  is  unlikely  that  the  levels  of  energy  and  power 
density  attained  with  Z-rays  or  with  Grenz  rays,  were  of  the  sane 
order  as  those  provided  by  laser  radiation.  It  is  difficult,  further¬ 
more,  to  compare  cryotherapy  to  laser  radiation.  It  would  furthermore 
be  necessary  to  give  consideration  to  the  rate  at  which  the  energy  was 
delivered.  Other  parameters  of  the  quantitative  aspect  or  qualitative 
characteristics  of  the  various  forms  of  physical  agents  employed  would 
have  to  be  taken  into  account  to  permit  adequate  comparison. 

The  authors  further  refer  to  chromosomal  changes  in  tissues 
cultures  as  evidence  that  the  cellular  changes  induced  by  laser 
radiation  are  more  than  thermal  reactions.  Presumably  this  is  in 
reference  to  the  studies  of  Hounds  (28). 

Tlie  authors  emphasize  that  the  data  and  the  studies  are 
preliminary  and  that  the  period  of  observations  are  too  short,  the 
numbers  are  too  few  and  the  studies  have  been  too  limited  to  permit 
long  term  evaluation.  They  suggest  "'that  it  is  necessary  now  to 
explore  in  a  critical  investigative  fashion1'  the  effects  of  laser 
radiation  on  tumors.  They  endorse  the  suggestion  made  by  'Ketches  and 
Llintom  (h  )  to  institute  a  cooperative  study  group  consisting  of 
scientists  drawn  from  the  several  disciplines  involved,  as  previously 
suggested  cy  Fine,  Klein  and  Scott  for  studies  on  biological  effects 
of  laser  irradiation  ( 3  ) • 
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C  or.  elusions 

It  is  evident  iron  the  attempt  at  presenting  a  critical  review 
of  the  studies  reported  on  the  effects  of  laser  irradiation  in  nan, 
that  these  are  included  primarily  to  indicate  the  highly  prei ini nary 
stages  of  these  studies.  In  sun.. ary,  neaningful  studies  in  nan  nust 
be  based  on  a  better  understanding  of  the  nechanisns  of  the  inter¬ 
actions  of  laser  radiation  with  biological  system  in  general.  In  view 
of  the  rapidly  expanding  technology  of  laser  devices  it  is  difficult 
for  the  studies  on  the  biological  effects  to  keep  pace  with  the  rate  of 
technological  advance.  It  is  important  to  recognise,  however,  that 
such  observations  as  have  been  aade  in  run,  are  not  sufficient  to  provide 
specific  indications  of  a  fundamental  difference  in  the  interactions  of 
laser  radiation  of  any  type  with  the  tissues  of  nan  as  compared  to  those 
of  other  mammals  ♦  It  is  further  important  to  recognise  for  the  purposes 
of  this  report,  that  data  on  the  possible  hazards  to  nan  arising  fron 
exposure  to  laser  radiation  are  insufficient  to  permit  adequate 
evaluation.  Such  observations  as  have  been  nude  in  nan  do  not  exclude 
the  possible  hazards  that  are  indicated  by  studies  cn  snail  animals 
( (Lb  ).  Obviously  every  effort  was  uade  in  clinical  studies  to  avoid 
serious  effects,  whereas  in  animal  studies  the  opposite  was  the  object¬ 
ive.  The  studies  in  nan  were  primarily  oriented  toward  the  possible 
therapeutic  applications  of  laser  radiation.  The  studies  in  animals, 
while  they  included  attention  to  the  possible  therapeutic  aspects  of 
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laser  radiation,  were  directed  toward  assessing  the  possible  hazards 
which  right  arise.  However,  the  rapidly  increasing  scope  and  volume 
of  animal  and  biological  in  vitro  studies  on  the  effects  of  laser 
radiation  nay  provide  the  basis  for  delineating  specific  nedical 
indicators  for  the  application  of  laser  radiation  and  for  assessing 
the  hazards.  At  that  point  a  rare  meaningful  analysis  of  affects 
which,  ray  be  specific  for  human  tissues  might  be  made. 
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The  Purposes  of  a  Study  of  the  Interaction  of  Laser  Beams 
with  the  Bye  (1) 


A.  Military: 

1.  Ocular  protection  from: 

a.  Accidental  injury  -  laboratory,  field 

b.  Deliberate  injury  -  field 

2.  Development  of  weapons  to  produce: 

a.  Temporary  blindness  (i.e. ,  dazzle  or  glare) 

b.  Permanent  blindness  (i.e.,  burn  or  tissue  destruction- -scar) 

1.  Immediate 

2.  Delayed  (also  possibility  that  repeated  dazzle  might 
lead  to  delayed  permanent  effects  -  thresholds  of 
such  possibilities  not  yet  evaluated). 

Delayed  -  (i)  direct  or  indirect  retinal  damage 

(ii)  to  other  ocular  media  such  as  the  cornea  and  lens.. 

B.  Clinical : 

1.  Development  of  a  useful  clinical  tool  in  ophthalmology 

(especially  in  regard  to  those  aspects  where  the  laser  may 
improve  on  existing  photocoagulators  such  as  the  xenon  arc 
instrument  made  by  the  Carl  Zeiss  Co.). 
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2.  Ocular  protection  from  accidental  injury.  Needs  differ 
here  from  Section  A.  1.  because  of  the  great  difference 
in  power.  Clinical  instruments  are  of  low  power  (  a  few 
joules  output  at  most).  Military  instruments  are  of  high 
power  (hundreds  to  even  thousands  o£  joules). 

3.  Functional  studies  using  attenuated  laser  beams.  Very 
useful  because  of  their  extremely  narrow  band  wave  lengths. 
Such  studies  are  not  only  necessary  for  basi3  understanding 
of  retinal  function  but  are  necessary  for  section  A.  2.  a. 

From  the  point  of  view  of  the  eye,  there  is  little  question  that 
damage  can  be  produced  if  sufficient  energy  reaches  the  retina  and 
its  pigment  epithelium  (2).  Because  of  direct  and  indirect 
(e.g.,  reflections)  exposures  which  may  lie  far  below  those  obvious 
levels  of  damage,  knowledge  of  a  "threshold"  for  damage  to  the  human 
eye  has  been  sought  (3-6) . 

The  exposure  necessary  for  threshold  injury  varies  in  accord 
with  Che  meaning  of  the  word  injury  (i.e. ,  temporary  or  permanent, 
immediate  or  dalayed) ,  and  in  accord  with  the  method  used  to  detect 
this  "minimum  injury." 

Studies  that  involve  detection  of  necessary  intensities  to 
produce  temporary  blindness  in  both  light-adapted  and  dark-adapted 
individuals  are  being  carried  out  (6).  Such  studies  have  been 
facilitated  by  the  availability  of  a  reliable,  controlled  light 
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source  capable  of  producing  a  suitable  range  of  intensities,  the 
Meyer -Schwickerath  xenon  lamp  device  manufactured  by  Carl  Zeiss  Co. 
in  Germany,  or  a  modification  thereof. 

Availability  of  reliable  laser  sources  of-  various  intensities 

i  .  * 

and  wave  lengths,  suitably  attenuated,  might  also  be  used  along 
similar  lines.  Approaching  the  problem  of  "minimum  irreversible 
damage"  from  another  direction,  Sperling  (7)  is  investigating  flash 
blindness  as  a  function  of  wave  length  specificity  on  the  human 
fovea.  At  narrow  band  wave  lengths  (2-10  m  u)  he  is  able  to  obtain 
sufficient  intensities  for  spectral  light  adaptation,  whereas 
previous  workers  required  wider  spectral  bands  (15-50  m  u)  to 
obtain  satisfactory  adaptation.  He  found  that  where  very  narrow 
adapting  bands  in  the  upper  range  of  intensities  of  normal  vision 
are  used,  extreme  changes  in  the  shape  of  the  function  result. 

This  suggested  that  after  an  intense  flash  sensitivity  might  be 
preserved  in  some  parts  of  the  spectrum  permitting  continuous 
viewing  through  special  narrow  band  eye  protective  filters. 

Studies  were  made  using  adaptation  to  white  light  and  narrow 
band  green,  yellow  and  red -lights.  Further  studies  are  planned 
to  extend  these  findings  to  other  wave  lengths  and  varying  durations 
of  adapting  stimuli  in  an  attempt  to  cover  the  range  up  to  those 
intensities  that  produce  irreversible  retinal  damage. 

Flash  blindness  studies  are  currently  under  investigation  in 
a  number  of  laboratories,  using  white  light,  attenuated  lasers, 
and  modified  groupings  of  lasers  ("stacked  blinking  system".)  (6). 
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In  these  studies  as  in  those  for  permanent  injuries,  "minimum" 
standards  are  of  importance,  exposure  vs.  recovery  time  and 
exposure  necessary  to  initiate  irreversible  damage. 

It  is  this  crucial  area  of  "minimum  irreversible  damage"  that 
is  of  greatest  importance. 

Various  methods  have  been  used  to  determine  this  level  of 
minimum  detectable  damage.  Ophthalmoscopy  wa3  the  earliest  and 
most  obvious  method,  but  this  method  varies  with  the  competence 
of  the  observer  and  with  wave  length  of  light  used  to  make  his 
observations  (generally  a  red  free  light  source  for  ophthalmo¬ 
scopic  observation  may  give  lower  threshold,  even  for  the  less 
experienced  observer). 

Histologic  methods  have  been  used,  including  conventional 
histology,  enzyme  histochemistry  by  Geeraets  et  al.  (8),  electro- 
retinography  by  Tengroth  et  al.  and  McNeer  et  al.  (9,10)  and  electron 
microscopy  by  B.  S.  Fine  and  W.  Geeraets  (11)  in  an  attempt  to  1) 
pinpoint  the  site  of  initial  tissue  response  to  a  currently  accept¬ 
able  "minimal"  exposure;  and  2)  to  determine  if  a  lower  threshold 
can  be  detected  by  these  or  other  means,  or  a  combination  thereof. 

Histologic  studies  have  been  carried  out  to  determine  clinical 
thresholds  for  laser  and  xenon  arc  photocoagulation,  but  the 
parameters  of  retinal  irradiance  and  exposure  time  could  not  be 
well  controlled  in  the  instruments  used  (12,  13).  (These  instruments 
were  primarily  designed  for  clinical  use.)  Some  qualitative 
differences  were,  however,  observed  in  that  pigmentation  appeared 
earlier  (by  both  ophthalmoscopic  and  histologic  examination)  in 


Che  laser -produced  leaion  chan  in  che  lesion  produced  by  xenon 
lamp  coagulacioa.  Such  observacions  are  of  quesCionable 
significance  because  of  lack  of  concrol  of  exposure  time  and  energies 
used.  Similar  criticism  may  be  advanced  against  conclusions  which 
state  Chac  the  laser  lesions  occur  at  a  relatively  more  external 
level  of  the  retina,  as  well  as  other  supposed  differences,  such 
as  subretinal  hemorrhages,  etc.  Conclusions  Co  the  effect  that 
the  final  scar  produced  by  Che  two  ins  Crum  exits  is  similar  appears 
quite  reasonable  in  view  of  the  fact  chat  tissue  reaction  in  Chis 
region  is  relatively  nonspecific. 

Other  investifacions  by  Ham  and  Geeraets  using  instruments 
(laser  and  xenon)  in  which  both  exposure  time  and  retinal  dosage 
could  be  more  accurately  controlled  (14) ,  calculated  and  varied, 
indicate  that  under  similar  conditions,  similar  changes  are  produced  (3) 

These  investigators  compared  the  lesion  produced  by  a  175 

microsec.  exposure  from  a  light  coagulation  with  Che  lesion  produced 

by  a  200  microsec,  exposure  from  a  pulsed  (non  Q  switched)  ruby 

laser  and  concluded  there  was  no'  difference  in  effect  if  time  and 

energy  were  equal.  The  retinal  doses  required  to  produce  a  minimal 

2 

lesion  were  calculated  Co  be  0.67  joules/cm  for  light  coagulacion 
and  0.72  joules/cnr  for  a  pulsed  (Non  Q  switched)  ruby  laser. 

Preliminary  studies  were  carried  out  using  a  Q  switched  ruby  laser 
with  an  exposure  time  of  27.5  nanosec.  The  minimum  dosage  required 
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Co  produce  a  detectable  lesion  was  found  to  be  0.07  Joules/cm^ 

The  lesions  produced  by  this  high  power  density  (2.3  Mw/cxa. 

were  considered  Co  differ  from  those  produced  by  a  non  Q  switched 

laser.  They  felc  chat  the  light  coagulation  and  non  Q  switched 

laser  lesions  could  be  explained  on  the  basis  of  calculated  temperature 

rise  and  thermal  conduction,  but  that  q  switched  lesions  in  the 

nanosecond  exposure  range  could  not  be  easily  explained  by  these 

mechanisms. 

Experiments  were  also  carried  out  to  determine  the  sites  within 
the  eye  which  were  responsible  for  energy  absorption  (15).  In  thia 
study  by  Geeraets  and  Ham  et  al.  absorption  of  light  energy  by  3 
pigmented  structures,  the  retinal  pigment  epithelium,  the  randomly 
distributed  pigment  cells  in  the  choroid  and  the  intravascular 
pigments  were  studied.  They  found  that  pigment  granule  distrib¬ 
ution  varied  in  the  cells  of  the  retinal  pigment  epithelium  but  an 
even  greater  variation  in  pigmentation  was  present  in  the  choroid, 
an  observation  in  full  agreement  with  existing  anatomic  knowledge. 

They  noted,  by  using  the  albino  rabbit,  that  the  blood  pigments 
could  only  account  for  10  per  cent  of  the  light  incident  bn  the 
cornea.  They  concluded  that  the  most  important  layer  for  absorption 
was  that  of  the  retinal  pigment  epithelium,  and  that  in  mild  lesions 
this  layer  may  even  play  the  entire  role  in  production  of  such  a 
lesion.  These  latter  conclusions  are  also  in  agreement  with  previous 
work  by  Verhoeff  (2)  and  more  recent  investigations  by  3.  S.  Fine 
and  W.  Geeraets  (11). 
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This  great  importance  of  the  pigpient  epithelial  layer  in  mild 
lesons ,  was  considered  to  be  due  to  the  concentration  of  such  a 
highly  absorbing  layer  in  a  thin  film  (approximately  10&i  in  man) 
as  contrasted  with  a  layer  of  similar  absorbing  ability  (the  choroid) 
wherein  the  absorbing  cells  are  distributed  throughout  a  layer 
100  to  200  4  thick  (in  man). 

This  calculation  based  on  conventional  anatomic  studies,  is 
strengthened  by  more  recent  electron  microscopic  studies  (4,11) 
that  narrow  che  pigment  layer  to  as  little  as  1/3,  or  no  more 
than  1/2  of  the  thickness  of  the  pigment  epithelial  cell. 

More  recently  Pomerantzeff  (S)  pointed  out  that  this  variability 
of  pigmentation  in  both  pigment  epithelium  and  choroid  would  result 
in  greater  variability  in  absorption  for  a  (clinical)  laser  output 
than  for  a  (clinical)  xenon  lamp  discharge. 

Such  biologic  variability  would  handicap  determination  of  an 
accurate  or  pinpoint  minimum  detectable  biologic  response.  A  range 
of  exposure  for  a  variety  of  minimal  detectable  changes  would  there¬ 
fore  be  more  likely.  He  also  noted  (3)  that  if  a  very  light 
pigment  epithelium  were  to  be  superimposed  on  a  very  darkly  pigjnented 
choroid,  the  penetration  of  the  laser  beam  would  be  much  greater 
than  anticipated  for  "average”  calculations. 

Previous  experiments  by  Geeraets  e_t  al  (16)  vindicated  that  for 
exposure  times  greater  than  0.3  seconds  heat  loss  due  to  blood  flow  (choroid) 
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and  tissue  conduction  increase  substantially  the  amount  of  energy 
required  to  produce  a  threshold  chorioretinal  lesion. 

Later  work  indicated  that  for  short  exposure  times  in  the  milli¬ 
second  range,  mild  retinal  lesions  were  similarly  produced  by  both 
laser  and  white  light  sources  and  could  be  adequate  explained  on 
the  basis  of  thermal  damage  in  the  pigment  epithelium  and  in  the 
retinal  regions  immediately  adjacent  to  the  pigment  epithelium. 

They  felt  that  lesions  produced  by  higher  power  densities  and 
shorter  exposure  times  (Q-switched  pulses  in  the  nanosecond  range) (3) 
could  no  longer  be  explained  on  the  basis  of  thermal  injury.  Fur¬ 
ther  investigation  of  these  short  duration  high  density  exposures  is 
therefore  necessary. 

Many  of  these  observations  for  pulsed  white  light  and  pulsed  (non 
Q-switched)  ruby  laser  radiation  were  supported  by  more  recent  light 
and  electron  microscopic  observations  (11),  This  latter  study  Indicated 
chat  the  primary  site  of  reaction  to  a  mild  or  minimal  insult  lay  in 
the  retinal  pigment  epithelial  cell,  more  specifically,  in  the  system 
of  smooth-surfaced  endoplasmic  reticulum  which  surrounds  the  pigmenc 
(melanin)  granules.  The  thickness  of  the  melanin  granule  layer  of  the 
pigmenc  epithelium  was  noted  to  be  even  thinner,  (and  therefore  even 
more  highly  concentrated  in  a  single  plane)  than  previously  estimated 
from  the  conventional  anatomic  literature. 

Evaluation  of  the  shorter  duration  higher  power  density  (Q-swicched 
ruby  laser)  threshold  lesion  is  planned. 

Threshold  lesions  demonstrable  by  conventional  histologic  techniques 
were  found  to  be  ophthalmoscopically  detectable  (8).  Therefore,  attempts 


were  made  Co  dececc  morphologic  changes  below  chese  his  cologic  meChoda 
by  demons  era c in g  enzyme  inaceivacion  by  hiscochemical  scudies,  using 
precipicaced  nicroblue  tetrazolium  Co  fora  insoluble  foraazan  sales  fron 
reintal  diphosphopyridine  nucleoclde  diaphorase  activity  (DPNH)  (an  oxida¬ 
tive  enzyme  function  present  in  mitochondria)  before  end  after  insulc. 
These  enzymes  are  therefore  encountered  in  high  concentrations  in  Che 
ganglion  cell  and  outer  plexiform  retinal  layers,  sites  where  mitochondria 
abound.  They  are  also  present  in  the  pigment  epithelium  layer,  but 
the  insoluble  salts  produced  by  the  tetrazolium  reaction  are  easily 
obscurred  by  the  pigment  granules.  These  investigators  found  chat  by 
such  enzymatic  inactivation  scudies,  there  was  minimal  spread  of  thermal 
conduction  (and  so  damage)  at  short  exposure  times  (175  microsec.)  but 
with  longer  exposure  times  (30  microsec.)  there  was  significant  "spread" 
of  inactivation  (and  so  damage)  from  the  edge  of  the  irradiated  zone, 
depending  on  the  intensity  of  Che  energy  delivered.  They  were  able 
to  detect  changes  in  the  sensory  retina  (i.e. ,  photoreceptor  ellipsoids)  ; 

by  such  impairment  of  enzymatic  activity  when  the  energy  of  the 

/*y 

exposure  light  beam  had  been  reduced  to  10  to  15  per  cent  below 
threshold  for  an  ophthalmoscopically-visible  or  histologically  detect¬ 
able  lesion.  Changes  in  Che  pigment  epithelium  were  apparently 
not  satisfactorily  detected  by  these  methods. 

All  of  these  observations  and  experiments  it  must  be  noted,  have 
been  carried  out  mainly  on  the  rabbit  eye,  using  a  pulsed  non  Q-switched 
ruby  laser.  Preliminary  observations  by  Geeraets  and  Ham  indicate  chat 
use  of  a  Q-switched  ruby  laser  lovers  the  retinal  threshold  of  damage 
to  a  tenth  (3)  i.e.  0.07  joules/cm  .  Other  varieties  of  laser,  both 
pulsed  and  continuous  at  Che  various  wave  lengths  becoming  available 
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may  have  differing  "threshold"  values  for  retinal  injury. 

The  electroretinogram  (ERG)  has  been  used  by  Tengroth  et  al.  and 
McNeer  et  al.  in  an  attempt  to  detect  lower  thresholds  of  damage. (9, 10) . 
Unfortunately,  current  interpretation  of  the  2  R  G  is  controversial 
(10,  49),  and  its  value  for  such  a  study  may  be  severely  limited  as 
has  been  pointed  out  (41).  They  caution  that  objective  reduction  in 
B  wave  amplitude  after  light  exposure  may  not  necessarily  equate  with 
functional  disturbance,  a  relationship  difficult  to  determine  in 
a  rabbit. 

McNeer  e_t  al.  (10)  have  shown  that  B  wave  changes  can  be 
demonstrated  after  light  exposure,  with  energies  50  per  cent  below  that 
required  for  ophthalmoscopically  visible  lesions  if  a  sufficient  area 
of  the  retina  were  involved.  This  area  of  retinal  exposure  was  found 
to  be  approximately  40  m.m.  (2)  They  used  a  delay  period  of  three 
days  before  ERG  evaluation  to  avoid  various  artifacts.  A  single  lesion 
of  0.75  mm.  diameter  (detectable  by  conventional  light  microscopic 
methods)  (3)  was  insufficient  to  obtain  an  ERG  change  and  therefore 
was  not  detectable  by  this  method.  These  authors  point  out  the  work 
of  others  (Aronson  and  Garoutte)  (50)  who  showed  that  the  amplitude 
of  the  B  wave  could  be  reduced  in  linear  fashion  with  visible  retinal 
burns  when  12  to  49  per  cent  of  the  working  retina  was  involved. 

Other  complicating  factors  pointed  out  were  those  of  the  normal  day- 
to-day  variation  in  EIG  amplitudes  (51). 

Tengroth  _et  a_l.  (9)  used  a  human  volunteer  prior  to  enucleation 
of  an  eye  for  carcinoma  of  the  orbit  and  tested  the  ERG  with  both  ruby 
laser  flalshes  and  white  light  photostimulation.  With  laser  stimulation 
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alone  there  was  absence  of  the  A  wave  and  the  B  wave  was  of  slightly 
greater  amplitude  but  shorter  duration  than  those  present  after  normal 
white  light  stimulation.  No  change  could  be  detected  using  the  usual 
white  light  photostimulation  to  evoke  the  ERG  after  a  laser  impact. 

They  felt  that  the  slight  laser  flash  induced  ERG  changes  were  unlikely 

to  be  a  local  response  from  the  retina  because  of  the  small  area  (i.e. 

2 

approximately  0.07  mm  )  of  Che  retina  exposed.  They  concluded  that 
this  slight  response  was  a  photopic  effect  from  the  whole  retina 
due  to  scattering  of  the  light. 

Tengroch  -et  a  1  (9)  also  noted  chat  in  their  human  subjects  no  real 
dazzling  was  obtained  with  the  flash  from  a  ruby  rod  laser,  but  exposure 
Co  a  Karpe  photostimulator  did  produce  a  dazzling  effect.  This  effect 
they  thought  mighc  be  due  to  the  peculiar  (red)  and  narrow  band  (6943A) 
wavelength  which  might  fail  to  stimulate  a  large  number  of  relatively 
red  insensitive  retinal  rods. 

These  observations  point  up  a  potential  serious  flaw  in  all  the 
experimental  models  using  the  rabbit  retina.  Although  most  investi¬ 
gators  felt  Chat  data  obtained  from  the  rabbit  retina  may  be  easily 
extrapolated  to  the  human,  some  doubt  must  exist  if  this  is  true  for  the 
macula  and  foveal  areas,  for  the  rabbit  does  not' possess  this  critical  area. 
The  rabbit  retina,  unlike  the  primate,  is  also,  for  all  practical  purposes 
nonvascularized.  If  damage  to  the  human  eye  is  the  primary  concern  then 
damage  to  the  critical  areas  of  macula  and  fovea  are  of  primary  concern. 
Small  lesions  in  the  peripheral  retina  are  unlikely  to  cause  any  functional 
disturbance  (other  than  possibly  temporary  dazzling  effects  discussed 
previously  or  intraocular  hemorrhages,  to  be  noted  later). 
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Preliminary  invescigacions  have  been  carried  ouc  by  Jones  and 
McCartney  (52)  using  primate  (i.e.  monkey)  eyes  exposed  to  laser  pulses 
of  5  to  250  joules  using  a  Maxwellian  view.  3y  this  means  they  illumin¬ 
ated  approximately  24  percent  of  the  total  retinal  area  (78.5  cm^).  At 
outputs  above  5  joules  they  produced  total  disruption  of  the  lens  and 
gas  bubbles  in  the  anterior  chamber.  Considerable  intraocular  damage 
also  resulted  but  is  difficult  to  evaluate  from  their  published  data. 

Investigations  of  similar  effects  on  the  rhesus  monkey  macula  and 
fovealaareas  are  unf prtunately  accompanied  by  a  number  of  serious  techni¬ 
cal  difficulties  that  are  noc  present  in  the  rabbit.  For  example,  only  a 
single  fovea  and  macula  is  present  in  each  eye  so  that  no  great  number  of 
experiments  can  be  conducted  in  any  single  primate  eye.  These  problems  will 
make  "threshold"  damage  detection  in  the  primate  macula  and  fovea  extremely 
difficult. 

Although  there  are  many  points  of  anatomic  interest  in  the  region 
of  the  fovea  (53),  such  as  a  consideration  of  the  structure  of  the 
rodlike  cones,  and  the  possible  difference  in  height  of  the  pigment 
epithelium,  the  ease  of  formation  of  artifactitious  "edema"  or  swelling 
in  these  retinal  layers,  and  detachment  of  this  area  makes  interpretation 
of  experimental  "threshold"  lesions  very  difficult.  Generally, 
only  small  fragments  of  foveal  photoreceptor  outer  segments  can  be 
obtained  for  such  studies  as  electron  microscopy,  although  character¬ 
istic  inner  segments  and  synaptic  areas  are  readily  preserved  (54). 

Very  few  electron  microscopic  studies  have  yet  been  made  on  this  area  (55). 

Protective  devices  are  basically  of  two  kinds:  (1)  A  device  to 
attenuate  the  entire  exposure  to  below  levels  of  injury  either  temporarily 
or  permanent;  (2)  Development  of  a  narrow  band  eye  protective  filter 

which  might  permit  continuous  viewing  through  some  parts  of  the  spectrum 
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where  sensitivity  is  preserved  after  an  intense  flash. m 

Knowledge  of  a  "minimum"  threshold  of  damage  therefore  becomes 
of  considerable  importance. 

Straub,  using  the  previous  data  of  Ham  and  Geeraets  based  on  their 
non-Q-switched  ruby  laser  studies  in  the  rabbit  retina,  and  taking  a 
safety  factor  of  100,  constructed  a  protective  glass  of  Schott  type  BG-18 
filter  glass  suitable  for  the  wavelength  of  a  ruby  laser.  Unfortunately,  - 
with  development  of  Q-switching  devices  raising  the  power  levels  of 
the  laser,  as  well  as  proliferation  of  lasers  of  various  wavelengths, 
the  usefulness  of  this  device  becomes  severely  limited. 

Because  variation  in  fundus  pigmentation  appears  to  determine 
susceptibility  to  retinal  damage,  a  means  of  estimating  this  suscepti¬ 
bility  in  vivo  by  use  of  light  reflectance  from  the  ocular  fundus  was 
attempted  by  Geeraets  £t  ajL  (18).  They  used  a  light  meter  bridge  and 
a  vacuum  phototube  (peak  sensitivity  400  n*0  attached  to  a  Zeiss  fundus 
camera.  A  later  modification  used  a  photomultiplier  tube  in  lieu  of 
the  phototube,  in  order  to  be  able  to  measure  narrow  spectral  bands 
as  well  as  to  permit  measurements  in  human  eyes  where  the  amount 
reflected  is  lower  than  in  the  rabbit,  and  stronger  illumination  would 
not  be  well  tolerated  by  the  subject. 

fundus  light  reflectance  was  therefore  measured  arbitrarily  in 
microamperes  and  this  was  charted  against  transmission  through  the 
various  ocular  layers  determined  by  rapid  dissection  of  the  eye  following 
exposure,  and  determination  of  transmission  coefficients  using  a  DK-1 
spectrophotometer.  They  found  that  exposure  time  for  the  production  of 
minimal  lesions  did  not  increase  linearly  with  increase  in  per  cent 
transmission,  specially  beyond  transmissions  of  50  per  cent.  When 
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exposure  time  in  milliseconds  was  plotted  against  light  reflectance  in 
arbitrary  (microamperes)  units  they  found  that  useful  correlation  did 
exist  and  was  also  applicable  to  tha  human  aye. 

Although  this  technique  may  be  of  considerable  value  in  choosing 
rabbits  (or  ocher  experimental  animals)  with  approximately  uniformly 
pigmented  fundi  for  experimental  purposes,  this  technique  appears,  ac 
the:. moment ,  to  be  of  limited  value  in  the  clinical  (either  military 
or  civilian)  situation. 

Search  for  suitable  protective  devices  is  of  greatest  importance. 
Accidental  permanent  injury  due  to  a  ruby  rod  laser  flash  has  already 
been  reported  (in  the  unclassified  literature)  from  at  least  one 
laboratory  (19). 

Damage  from  exposure  to  atomic  flash  is  well  documented  by  Byrnes 
e£  al^  and  Rose  £t_  aJL  (20-22).  arid  this  problem  is  further  aggravated 
by  the  greater  and  longer  intensity  flash  of  high  altitude  nuclear 
explosion. 

If  current  protective  devices  under  development  should  succeed 
in  preventing  permanent  ocular  damage,  they  may  only  attenuate  the 
flash  with  temporary  incapacitation  as  a  persisting  hazard.  Such  a 
hazard  is  of  great  importance  to  the  pilot  of  high-speed  aircraft. 
Suggestions  have  been  made  (6)  that  if  there  is  failure  to  protect  the 
pilot  in  full,  the  instrument  panel  might  be  flooded  with  white  light 
so  thati.the  dazzled  pilot  might  see  enough  information  by  extra-foveal 
vision  to  protect  himself  through  this  temporary  period  of  disability. 

In  all  of  these  studies  it  is  probable  that  the  macular  and  foveal 
(cone  or  photopic)  vision  of  che  pilot  is  of  greatest  importance. 
Peripheral  (rod  or  scotopic)  vision  may  be  pf:  much  lesser- importance, 
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whether  flying  is  by  day  or  night.  It  is  highly  unlikely  that  damage 
to  peripheral  vision  alone  either  by  permanent  injury  or  by  dazzle 
will  incapacitate  the  pilot  unless  perhaps  he  suffers  an  intraocular 
hemorrhage.  Focal  damage  or  dazzle  to  the  fovea  or  macula  will  -  - 
Incapacitate  him  greatly. 

The  ocular  media,  however,  are  stated  by  Pomerantzeff  to  absorb 
25  per  cent  of  the  light  from  a  xenon  lamp  source  as  compared  with  5 
per  cent  of  the  light  from  a  pulsed  ruby  rod  laser  source  (5,56)  probab¬ 
ly  due  to  the  higher  content  of  infrared  in  the  xenon  source. 

Until  recently,  absorption  by  the  ocular  (transmitting)  media  of 

wavelengths  from  approximately  3,000  X  to  3,000  or  9,000  A  at  low 

intensities  has  been  minimal  and  nondamaging.  Wavelengths  above  and 

below  these  limits  are  increasingly  absorbed  by  the  ocular  media.  This 

is  especially  true  of  the  infrared.  To  reach  the  retina  their  energies 

must  be  great.  Recent  developments  in  laser  research  (e.g. ,  neodymium 

o 

doped  glass,  wavelength  10,600  A)  are  making  available  these  wavelengths 
with  very  high  energy  density  levels  such  that  immediate  and  delayed 
effects  on  the  cornea,  lens  and'  even  the  retina  (either  primary  or 
secondary)  may  be  anticipated. 

Although  certain  nonlinear  effects  such  as  the  Raman  effect,  secondary 
harmonic  generation,  acoustic  wave  generation  and  damage  to  transparent 
media  are  possible  with  the  power  densities  of  lasers  of  great  output, 
only  acoustic  wave  generation  seems  likely  to  be  produced  by  a  clinical 
laser  coagulator  (40).  Such  acoustic  effects  may  therefore  result  from 
the  lower  intensities  that  may  be  expected  from  accidental  reflections 
from  the  target  on  irradiation  with  high  intensity  sources. 
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Clinically,  lasers  are  ruby  rod  devices  of  small  output  (12,25, 
27,34a)  and  retinal  vessels  were  relatively  unharmed,  presumably  due  to 
their  reflectance  of  the  red  lighc.  Higher  energy  laser  sources  may 
increase  the  hazard  of  intraocular  hemorrhage  especially  those  devices 
generating  wavelengths  easily  absorbed  by  the  blood  in  the  retinal 
vessels.  With  this  method  long-term  incapacity  may  be  produced  even 
by  irradiance  (accidental  or  deliberate)  of  the  peripheral  retina. 

In  threshold  studies  with  a  ruby  laser,  Campbell  e_t  aj  have 
obtained  preliminary  results  that  indicate  the  energy  for  a  threshold 
lesion  obtained  with  a  laser  beam  are  consistent  with  Ham’s  Xenon  arc 
data  (59  ). 

Some  consideration  must  be  given  in  threshold  determinations 
to  various  factors.  The  non-uniformity  of  the  irradiating  beam  will 
result  in  "hot  spots."  The  resultant  energy  density  distribution 
throughout  the  beam  will  not  be  constant.  The  power  density  distribution 
throughout  the  beam  will  also  vary  as  a  function  of  time.  The  output 
pulse  from  the  ruby  laser  is  not  continuous,  but  consists  of  a  series 
of  spikes.  The  effect,  therefore,  may  differ  from  that  produced  by  a 
non-spiking  system  whose  parameters  are  otherwise  similar.  The  signifi¬ 
cance  of  this  factor  may  be  dependent  on  the  thermal  parameters  of 

the  primary  absorbing  site,  which  is  probably  the  pigment  epithelial 

2 

cell.  Furthermore,  the  threshold  in  Joules/cm  may  vary  as  a  function 
of  the  retinal  area  irradiated; 
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Ocher  studies  on  che  interaction  of  laser  radiation  with  the  eye 
have  been  direcced  Cowards  determining  effects  at  energy  levels  in 
excess  of  chose  required  to  produce  threshold  Injury.  The  first  reported 
studies  on  biological  effects  of  laser  radiation,  Che  production  of 
ocular  lesions  were  initiated  by  Zarec  _ec  al  (  57  ).  The  maximally  dilated 
pupils  of  adult  pigmented  rabbits  were  irradiated  using  a  ruby  laser 
(0.1  joules  per  pulse  0.5  millisecond  pulse  duration).  On  irradiation 
of  a  region  containing  medullaced  nerve  fibers  proximal  to  the  optic 
nerve  head,  a  site  where  energy  absorption  is  lease  efficient,  Che  visible 
lesion  was  minimal,  but  bubbles  were  produced  in  the  vitreous.  When 
direcced  cowards  pigmented  regions,  che  lesion  consisted  of  blanched 
coagulated  retina,  elevated  in  crater  fashion,  and  containing  a  small, 
centrally  placed  hemorrhage.  Five  days  later,  the  appearance  of  the 
lesion  was  chat  of  a  flat  white  scar  with  pigment  clumping  in  and  around 
Che  area.  Following  multiple  exposures  the  hemorrhage  extended  into  the 
vitreous.  Focused  irradiation  of  the  pigmented  rabbit  iris  by  means  of 
a  short-focus  lens,  resulted  in  a  characteristically  dark  brown  and 
irregularly  shaped  lesion.  Several  days  later  the, pupil  constricted  in 
a  grossly  eccentric  fashion.  In  further  studies  on  eyes  of  brown  and 
chinchilla  grey  rabbits,  a  central  zone,  which  contained  a  black  deposit, 
together  with  a  chorioretinal  hole,  occasionally  obscured  by  a  small  gas 
bubble  or  hemorrhage  extending  into  che  vitreous  was  observed  (  34a  ). 
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An  annular  region  of  blanched,  coagulated  retina  began  to  evolve  1-3  seconds 
after  exposure.  A  region  of  retinal  edema  which  had  the  appearance  of 
a  halo  surrounded  the  coagulated  zona.  The  lesion  in  the  brown  and 
grey  rabbit  was  similar.  Reduction  of  the  beam  energy  resulted  in  smaller 
areas  of  coagulation.  Light  microscopic  studies  were  carried  out,  and 
were  well  described.  (The  resultant  cicatricial  chorioretinal  adhesion 
was  similar  to  that  produced  by  other  light  sources). 

Initial  experimental  studies  by  Koester,  Snitzer,  Campbell  and 
Rittler  were  reported,  using  a  0.04  joule,  0.8  millisecond  ruby  unit  (58  ). 
Further  studies  carried  out  by  Campbell,  Rittler  and  Koester  included  a 
large  series  of  studies  on  eyes  of  adult  pigmented  rabbits  using  a  laser 
and  Xenon-arc  photocoagulator  (  12).  In  these  animal  studies,  the 
lesions  produced  by  the  laser  appeared  to  be  at  a  more  external  level  of 
the  retina  but  were  qualitatively  similar  to  those  produced  by  the  Xenon 
arc  unit.  On  microscopic  examination,  pigmentary  changes  appeared  to 
occur  earlier  after  laser  irradiation. 

The  occurrence  of  vitreous  bubbles  may  consequently  be  of  import¬ 
ance  in  considering  the  laser  for  a  clinical  tool.  Follow-up  of  the 
lesion  over  a  period  of  years  is  desirable. 

Trans-scleral  application  of  laser  techniques  by  Campbell  et  al 
(28)  has  been  attempted  using  a  fiber  optic  bundle  of  neodymium-doped 
glass  as  the  laser  source.  This  approach  was  developed  because  of  clinical 
difficulties  in  treating  lesions  of  high  reflectance  or  lesions  located 
in  the  extreme  periphery  of  the  globe  where  location  and  optical  inhomo¬ 
geneities  limit  the  transpupillary  approach.  Although  clinical  application 
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of  this  technique  is  limited  due  to  technical  difficulties  of  maintaining 
integrity  of  the  fiber  bundle  with  repeated  exposure,  these  experiments 
point  up  the  possible  hazards  of  trans-scleral  injury  from  directed  or  -• 
misdirected  powerful  laser  sources.  Deep  intraocular  damage  (without 
transmission  through  the  pupil)  is  a  possibility  that  is  currently 
under  investigation  by  Neidlinger  (29). 

With  development  of  high  intensity  laser  the  possibility  of 
cataract  formation,  either  immediate  or  delayed,  has  been  considered  by 
Zaret  (56).  It  was  once  felt  that  true  cataracts  could  be  produced  by 
direct  absorption  of  infrared  by  the  lens  (Vogt, 30),  but  subsequent 
work  of  Goldman  (20)  and  Langley  jit  al^  (30)  ,  indicate  that  the  cataracts 
produced  are  dependent  upon  absorption  of  light  by  the  overlying  pigment 
epithelium  of  the  iris  with  conversion  of  the  energy  to  heat,  the 
underlying  lens  epithelium  is  damaged  by  the  heat  with  formation  of  a 
focal  anterior  subcapsular  cataract  (swelling  and  even  necrosis  of  the 
epithelial  cells).  Subsequent  faulty  proliferation  and  posterior  sub- 

s' 

capsular  migrationodf  the  injured  cells  produced  a  posterior  sub¬ 
capsular  cataract  of  clinical  significance,  the  latent  period  being 
of  the  order  of  60  to  90  days.  This  latent  period  was  considered  to  be 
variable  depending  on  the  amount,  duration  and  distribution  of  the  irradi¬ 
ating  dose.  Radiation  of  the  peripheral  iris  which  does  not  make 
contact  with  the  lens,  or  the  albino  iris  which  has  no  .pigment,  failed 
to  produce  lens  changes. 
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Very  long  term  cataractogenesis  as  in  x-radiation  is  not  to  be  expected 
from  white  light  photocoagulation,  especially  those  of  clinical  usefulness. 
Recent  evidence  indicates  that  the  higher  density  output  of  laser  devices 
cause  ionization ^31) or  free  radical  formation  in  tissue  not  unlike  the  effects 
of  x-  and  gamma  radiation.  If  true,  delayed  cataractogenesis  is  possible 
and  must  be  considered.  Once  again  the  medicolegal  implications  may  become 
exceedingly  complex  because  of  the  natural  incidence  of  small  peripheral 
lens  changes  in  older  individuals.  These  peripheral,  generally  spoke-like 
cacaractous  changes  differ  slightly  in  their  clinical  appearance  from  the 
more  globular  pre-equatorial  changes  that  might  be  observed  following  ioni¬ 
zing  radiation  in  the  early  stages.  Later  ionization  changes  may  be  in¬ 
distinguishable  from  senile  cataractous  change. 

Although  such  damage  which  may  produce  an  iritis  may  be  of  lesser 
importance  in  the  acute  military  situation  (i.e.,  pilot,  etc)  because  the 
pupillary  portion  of  the  lens  is  not  involved,  these  delayed  effects  are 
definate  hazards  in  the  laboratory  and  clinical  situation  where  higher 
powered  laser  sources  are  being  used  experimentally,  or  in  the  attempts 
to  produce  optical  or  filtering  peripheral  iridectomies  <25,3 '2 -3**^)  .--Sven 
iritis  ,  if  recurrent  can  be  a  hazard  in  producing  a  chronic  situation  which 
may  ground  a  highly  trained  pilot. 

In  the  clinical  situation  use  of  moderate  to  intense  radiation  may 
provoke  an  intraocular  hemorrhage  from  the  choroid  or  retraction  of  the  col¬ 
lagenous  vitreous  framework  with  the  added  complications  of  delayed  retinal 
detachment  and  the  formation  of  fixed  retinal  folds.  In  the  experimental 
and  military  situation  where  sources  of  greater  power  are  being  used,  these 
immediate  and  delayed  complications  are  an  even  greater  potential  hazard. 
Although  heating  of  the  vitreous  body  has  been  considered  to  be  minima 1(35 -38) 
the  effect  of  cummulative  heating  on  the  vitreous  framework  collagen  is  not 
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known.'  Thermal  summation  in  Che  vitreous  body  has  been  considered  more 
likely  with  xenon  arc  phococoagulation  devices  chan  Che  pulsed  ruby  rod 
because  of  Che  greater  duration  of  Che  irradiation  and  greater  absorption 
by  che  ocular  media  (5).  Ic  may  be  anticipaced  chat  this  discrepancy  will 
disappear  with  prolonged  exposures  co  a  concinuoua  laser  source. 

Direct  thermocouple  measurements  as  a  means  of  accurate  temperature 
recording  in  biological  structures  gives  rise  to  many  artifacts  of  reflect¬ 
ance,  absorption  and  conduction  at  the  very  sice  in  the  tissue  where 
measurements  are  being  made.  The  thermocouple  is  generally  large  in  size 
in  relacion  co  the  illuminating  beam  and  its  response  time  too  slow  for 
che  rapidity  of  che  temperature  rise  (36,38,41). 

Because  of  che  greater  attachment  of  vitreous  to  retina  in  che  peri¬ 
phery  and  because  of  increasing  (physiologic)  degeneration  of  the  retina 
(cystoid  degeneration)  eccentric  (peripheral)  exposure  to  repeated  low 
elevacions  of  temperature  may  be  a  distinct  hazard  in  regard  to  accentuating 
retinal  tears  and  detachment.  Heavy  coagulation  damage  to  che  peripheral 
retina  which  does  not  impair  vision  has  been  known  in  clinical  photo- 
coagulation  to  produce  cystoid  changes  in  the  distant  critical  macular  area 
with  drop  in  vision.  These  possibilities  conjure  up  a  nightmare  of  medico¬ 
legal  possibilities  in  retinal  detachments  and  decreased  vision  occurring 
in  personnel  engaged  in  laser  activities.  " 

An  earlier,  well  done  study  of  photocoagulation  effects  on  the  dog 
eye  by  Okun  _et  (39) (Zeiss-Meyer-Schwickerath  clinical  apparatus)  indicated 
that  mild  lesions  might  be  more  damaging  in  the  long  run  because  of  a 
proliferative  response  of  the  glial  cells  which  remain  viable,  together 
with  a  condensation  effect  on  the  adjacent  vitreous  to  produce  vitro-retinal 
adhesions  and  potential  traction  bands. 
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OCher  complications  such  as  choroidal  rupture,  hemorrhage,  irido-- 
cyclitis  were  attributed  to  excessive  photocoagulation. 

These  observations  followed  up  for  as  long  as  eight  months  after 
exposure,  support  a  cautious  acceptance  of  the  safety  conclusions  arrived 
at  by  such  means  as.  temperature  measurements  made  in  the  vitreous  body 
immediately  after  a  few  impacts.  Much  long-term  clinical  observation  and 
experience  supports  the  experimental  findings  of  Okun  and  Collins  (39). 

Cibis  (42)  and  Zaret  (56)  have  pointed  out  many  of  the  hazards  in 
clinical  photocoagulation  such  as  overheating  of  the  anterior  chamber  by 
inadvertently  striking  the  iris,  the  production  of  thermal  cataracts, 
vitreous  hemorrhages  from  retinal  or  choroidal  vessels,  secondary  retinal 
tears  and  eventual  retinal  detachment  at  the  atrophic  periphery  of  old 
choriorecinal  scars,  retinal  holes  due  to  necrosis  of  retinal  tissue,  c 
transient  exudative  retinal  detachment  and  macular  deterioration  by 
traction  from  coagulation  scars.  Cibis  also  points  out  that  albinotic 
eyes  are  not  immune  to  high  energy  injury  and  that  there  is  a  reduction 
in  viability  of  ocular  tissues  with  aging. 

The  retina  has  long  been  known  to  be  susceptible  to  a  variety  of 
chemicals,  a  number  of  which  have  been  widely  used  for  therapeutic  purposes. 
Chloroquine  retinopathy  has  been  known  for  approximately  five  or  six  years 
(43). 

In  addition  to  these  antimalarial  drugs,  others  such  as  the  pheno- 
thiazine  (and  other  polycyclic  compounds)  are  being  widely  used  in  high 
dosages.  Recent  experimental  work  by  Potts  (44,45,45a)  has  shown  that 
these  latter  categories  of  medications  are  sequestered  into  the  melanin 
granules  of  the  choroid  and  retinal  pigment  epithelium,  the  sites  where 
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cbe  light  energy  is  believed  to  undergo  .•  transformation  into  damaging 
heat.  The  potential  retinotoxic  effect  of  these  drugs,  like  ocher  drug 
hazards  (46, 47),  might  be  potentiated  by  exposure  to  excessive  photic 
energy  (i.e.,  the  retina  under  medication  might  become  more  susceptible 
to  photic  injury  —  a  lowering  of  che  threshold  for  damage).  A  wide 
variety  of  therapeutic  agents  are  known  to  be  photosensitizing  (47),  at 
least  to  the  skin.  The  lens  of  the  eye,  embryologically  a  derivative  of 
the  surface  ectoderm,  should  be  suspect  of  similar  responses. 

Exposure  to  high  oxygen  pressures  (hyperbaric  oxygen),  widely  used 
for  therapy  and  etv'i-onmental  research,  has  been  shown  by  Beehler  to 
produce  retinal  hemorrhage,  retinal  decachmenc,  hypocony  and  iritis 
in  dogs  in  as  little  as  48  hours  (48).  Although  these  changes  were  in 
part  reversible,  they  may  potentiate  retinal  susceptibility  co  photic  injury 
These  possible  threshold  lowering  agents  may  be  of  greater  importance 
when  one  is  concerned  with  a  potentially  more  susceptible  human  macula  or 
retina. 
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1.  American  Optical  Company  (U.S.) 

-  water  cooled  ruby  rod  device  -  floor  mounted  device. 

-  single  telescopic  viewing;  indirect  ophthalmoscope  with  erect 
image  by  optical  inversion  -  continuous  fundus  view  during  firing. 

Approximate  cost  $13,000. 

2.  Optics  Technology  Incorporated  (U.S.) 

-  ruby  rod  device  in  hand  held  direct  ophthalmoscope 

•  special  adaptor  available  for  indirect  ophthalmoscopic  viewing 

-  mechanical  shutter  obstructs  view  during  firing 

-  2  models  available  with  costs  ranging  approximately  $4500  to  $6000. 

3.  Vernon-Ingram  Laser  Ophthalmoscope  by  Keeler-Nelas  (England) 

-  hand  held  ruby  device  in  direct  ophthalmoscope  -  continuous  fundus 
view  during  firing. 

Approximate  cost  $7,000  before  customs  duty. 

4.  Maser  Optics  Incorporated  (Boston,  Mass.  U.S.) 

-  floor  model  ruby  device  using  a  built-in  indirect  binocular  ophthal¬ 
moscope  -  continuous  viewing  during  firing. 

Approximate  cost  $7,000.  / 

5.  Experimental  Unit  -  not  yet  commercially  available: 

Minneapolis -Honeywell,  hand  held  direct  ophthalmoscope  -  in  trial 
use  at  Mayo  Clinic,  Rochester,  Minnesota 
No  price. 

6.  Clinical  xenon  lamp  photocoazulators  -  commercial 

1.  Carl  Zeiss  (Germany)  -  Meyer -Schwickerath  apparatus  -  direct 
ophthalmoscopic  view.  Approximate  cost  $13,000 

11  Zeiss,  Jena  (Germany  -  east)  -  binocular  viewing.  Approximate  cost  $13,00C 
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Dentistry 

Interaction  of  laser  radiation  with  oral  hard  tissues  was 

studied  by  Lobene  et  al  (1).  Extracted  human  teeth  were  exposed 

to  laser  radiation  at  a  wave  length  of  6934A  at  energy  levels  of 

12-25  joules.  Unfocused,  defocused  and  focused  beams  were  used. 

A  lens  system  provided  spot  sizes  less  than  Inn.  in  diameter  at 

the  point  of  impaot,  resulting  in  estimated  power  densitiee 
2 

exceeding  1  Mw/cm  .  Duration  of  impact  was  of  the  order  of  1 

millisecond  per  exposure.  The  penetration  of  intact  enamel  was 

approximately  1mm.  An  area  of  enamel  with  a  fused  glass -like 

appearance  4-9  mm.  in  diameter  surrounded  each  opening.  Root 

comentum  and  adjacent  dentine  were  penetrated  with  charring  of 

the  surface  cementum.  Undecalcified  sections  revealed  an  amorphous 

zone  of  enamel  immediately  adjacent  to  the  cavity  and  disruption 

of  the  rod  structure  from  the  apex  of  the  cavity  to  the  D.S.  junction. 

Changes  were  not  observed  in  the  adjacent  dentine.  When  examined 

under  polarized  light,  reduced  birefringence  was  seen  in  the 

amorphous  zone  and  the  disrupted  enamel  rods  adjacent  to  the 

aavity.  Enamel  exposed  to  defocused  laser  radiation  at  an 

2 

energy  density  less  than  100  -  joules /cm  showed  no  gross  surface 
changes.  Sections  examined  showed  disruption  of  enamel  rods 
similar  to  that  observed  in  the  cavity  area  produced  at  higher 
energy  densities. 

Xray  diffraction  patterns,  microhardness,  and  solubility 
of  irradiated  enamel  were  also  studied.  The  specimens  were 
examined  microrad iographically. 
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Dental  studies  were  reported  by  T.  Kinersly  et  al.  (2). 

The  introduction  gives  a  review  of  the  application  of  lasers  to 
biological  systems  as  well  as  the  principles  of  operation  of 
laser  systems.  In  this  experiment  a  microscope  and  a  system  of 
lenses  aligned  on  an  optical  bench  were  used  to  produce  focused 
ruby  laser  beams. 

The  following  oral  specimens  and  dental  materials  were 
tested:  hard  tissues;  powdered,  sectioned  and  intact  tooth 
enamel;  calcified  and  decalcified  dentine;  ceaentum  calculus 
and  bone,  carious  and  noncarious  teeth  that  were  naturally  and 
artificially  stained;  soft  tissues  of  the  lip,  tongue  and  oral 
mucosa  in  vivo  and  biopsy  specimens  of  oral  mucosa.  Dental 
materials  tested  were  amalgum,  gold  alloy,  solder,  matrix  bands, 
orthodontic  wire  and  acrylic  plastic. 

Chalky  spots  ,  craters  or  holes  appeared  in  the  impact 
areas  of  intact  and  powdered  samples  of  dental  tissues.  Stain3 
were  easily  removed  from  the  surface  of  teeth.  With  impact 
spots  of  20-25  ii  holes  25  .'30  p.  in  diameter  resulted  in 

noncarious  enamel  and  increased  in  diameter  to  50  -  75  n  in  carious 
areas . 

An  unfocused  laser  pulse  of  0.5  joules  to  the  lip  produced 
no  sensation  of  heat  or  pain.  When  such  an  area  was  stained, 
sensations  of  heat  were  reported.  Herpes  simplex  of  the  lip 
was  unaffected  by  a  single  exposure  to  the  laser  beam. 

Dental  materials  were  cratered.  Attempts  to  weld  metals 
were  unsuccessful.  The  setting  time  of  freshly  mixed  batches  of 
pink  acrylic  were  retarded. 

The  applications  of  laser  beams  to  dentistry  are  discussed. 


Extracted  teeth  and  a  molar  tooth  in  vivo,  were  exposed  to 
laser  energy  by  L.  Goldman  et  al  (3).  The  energy  density  ranged 
from  4,000  -  13,000  joules /sq.  cm.  The  teeth  were  sectioned  and 
examined  in  normal  light,  polarized  light  and  microradiographically. 

Normal  enamel  showed  pitting  and  charring  in  the  impact  area 
but  microradiographic  examination  showed  no  changes  in  the 
subsurface  enamel  and  dentine  at  energy  densities  of  13,400  joules/sq. 
cm.  Enamel  was  penetrated  2.3  mm.  with  no  changes  seen  in  the 
enamel  adjacent  to  the  hole.  At  an  energy  density  of  4,000 
joules/sq.  cm.  a  carious  lesion  was  not  deeply  penetrated.  Two 
impacts  of  13,400  joules/sq.  cm.  to  a  superficial  carious  area 
produced  deep  penetration.  Microradiographic  and  polarized  light 
examination  of  sections  indicated  the  carious  area  was  not  affected 
by  the  laser  impact.  Color  increases  absorption  of  laser  energy 
by  tooth  structure. 

Using  fiber  optics  a  molar  was  exposed  to  laser  energy 
in  vivo .  The  temperature  rise  as  measured  ay  thermistor  placed 
along  the  side  of  the  tooth  was  , only  10°C  and  the  patient  reported 
no:' discomfort.  On  the  bench  this  tooth  recorded  a  temperature 
rise  of  29°C  from  an  exposure  to  laser  beams  of  4,000  joules/sq. 
cm.  /millisecond.  -- 

A  microbeam  probe  capable  of  vap'orizing  biological  materials 
is  formed  by  focusing  through  a  microscope.  The  sample  is 
vaporized  by  the  laser  at  5,000°g.  A  crater  about  50*i  in  diameter 
is  produced  and  corresponds  to  a  sample  size  of  about  10  ^g. 
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The  report  by  Rosan  et  al  (4)  discusses  a  spectral  analysis 
of  brain,  pancreas,  elastin,  pearly  calculus  and  hemorrhagic 
calculus.  There  was  more  iron  found  in  the  sample  of  hemorrhagic 
calculus  compared  to  the  pearly  calculus .  _ 

A  ruby  laser  was  used  by  H.  M.  Goldman  et  al  (5)  to  vaporize 
minute  amounts  of  calcified  tissues.  The  laser  beam  produces 
craters  50  n  in  depth  and  50  n  in  diameter.  Spectrographic 
analysis  of  supragingival  and  subgingival  calculus  and  mandibular 
cortical  bone  is  reported.  These  were  analyzed  for  Mg.  Al,  Si, 

Ca,  P,  Fe,  Cu.  and  Zn.  Themost  noteworthy  finding  was  the  greater 
Ca  content  of  supragingival  calculus  compared  to  subgingival 
calculus . 

Carious  teeth  were  exposed  to  the  impact  of  a  pulsed  ruby 
laser  with  exit  energy  of  90  joules  and  focused  energy  densities 
of  9,000  joules /sq.  cm.,  by  L.  Goldman  et  al  (6)  The  teeth  did 
not  become  hot  on  the  outside  even  after  repeated  impacts.  The 
effect  on  caries  varied  from  the  production  of  small  2mm.  deep  holes 
to  the  complete  disappearance  of  the  carious  tissue.  Areas  of 
destruction  were  smaller  but  deeper  with  focused  beams. 

Laser  beam  energy  of  5  -  20  joules  and  295  joules  was  used 
in  studies  by  Stem  et  al  (7).  Intact  anamel  showed  a  glass -like 
fusion  with  reduced  birefringence  under  polarized  light.  Dentin 
was  exposed  to  comparable  energies  which  caused  charring  due  to 
its  higher  organic  content.  The  reflecting  property  of  enamel  causes 
considerable  reflection  of  the  laser  beam.  Restoration  of  silver 
and  gold  absorbed  more  of  the  laser  beam  than  did  adjacent  enamel 
resulting  in  destruction  of  the  restoration.  Efforts  to  fuse 
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powdered  substances  to  enamel  with  laser  beams  were  handicapped 
by  differentials  in  energy  dissipation  of  the  structures  and  by 
the  impact  power  of  the  beam. 

Studies  on  rat  tissues  were  carried  out  by  Taylor  et  al  (8). 

The  introduction  reviews  briefly  studies  of  the  interaction 

of  laser  radiation  with  biological  tissues.  With  the  Interest 

in  the  application  of  lasers  as  an  effective  mlcrosurglcal  instrument, 

the  teeth  and  oral  mucosa  of  small  animals  were  studied  grossly 

and  microscopically  after  exposure  tovarying  intensities  of  laser 

radiation. 

The  authors  describe  in  some  detail  the  ruby  laser  used  in 
their  experiments  which  emitted  laser  energy  at  a  wavelength 
6,943  &  unit3.  Twelve  Syrian  hamsters  were  used,  six  receiving 
35  joules  laser  radiation  and  six  receiving  55  joules  of  laser 
radiation  directed  at  the  anterior  teeth  and  tongue.  The  spot 
size  was  0.5  mm.  the  pulse  duration  3  milliseconds.  Animals 
were  sacrificed  at  three  and  seven  days  and  the  tissues  stained 
with  hematoxylin  and  eosin,  mallory  and  periodic  acid  -  Schiff 
stain.  Jaws  were  decalcified,  sectioned  at  12  pi  and  stained  with 
hematoxylin  and  eosin. 

The  gross  changes  in  tooth  surface  were  the  same  as  described 
by  other  authors.  They  were  more  severe  following . laser 
irradiation  at  55  joules  than  at  35  joules.  The  tongue,  exposed 
to  35  joules  initially  showed  a  reddish  spot.  ,T*y3  days  a  large  ulcer 
appeared.  By  seven  days  healing  became  evident.  The  changes  in 
the  tongue  exposed  to  55  joules  were  similar  but  more  severe. 
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Microscopic  findings  in  the  pulp  at  three  days  following 
exposure  to  35  joules  of  radiation  showed  necrosis  of  the  pulp  at  the 
site  of  impact  and  hemorrhagic  necrosis  some  distance  along  the 
incisor  pulp.  The  pulpal  changes  were  more  severe  following  55  joule 
irradiation.  By  seven  days,  signs  of  healing  were  evident  in  the 
group  irradiated  at  35  joules  but  not  in  the  group  irradiated  at 
55  joules.  The  tongue  showed  no  specific  inflammation  at  three  days  in 
the  35  joule  group.  After  seven  days  there  was  evidence  of  granulation 
tissue  and  epithelization.  There  was  reduced  odontoblastic  activity 
in  the  molar  pulp  and  gingival  inflammation  in  the  molar  region  some 
distance  from  the  impact  area.  The  interdental  septum  showed  decreased 
osteoblastic  activity. 

The  preliminary  findings  appear  to  indicate  there  is  scattering 
of  the  beam  to  the  adjacent  tissues. 

The  literature  reviewed  on  the  interaction  of  laser  radiation 
with  oral  hard  and  soft  tissues  is  of  a  preliminary  nature,  dealing 
with  gross  findings  of  short  term  experiments.  The  microscopic 
findings  presented  are  also  preliminary  in  nature  in  those  cases 
dealing  with  human  extracted  teeth.  There  have  been  several  _in  vivo 
experiments  dealing  with  oral  mucous  membranes  and  teeth.  In  these 
cases  the  experiments  were  premature  and  chngerous  since  the  interaction 
of  laser  radiation  with  oral  tissues  is  not  well  understood.  The 
only  precaution  taken  was  protection  of  the  eyes.  Since  the  possible 
side  effects  from  exposure  to  laser  radiation  are  not  known,  human 
experimentation  at  this  time  seems  ill  advised. 

Although  some  in  vivo  information  is  presented  in  the  paper  by 
Taylor  et  al,  this  could  have  benefited  from  associated  _in  vitro  studies. 

The  findings  from  the  Mallary  connective  tissue  stain  and  the  periodic 
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acid  -  Schiff  stain  for  mucopolysaccharides  are  noC  presented. 

The  entire  question  of  protective  shielding  and  controlled  therapeutic 
dosage  has  not  ;yet  been  investigated.  There  are  obvious  hazards 
from  the  material  scattered  in  the  plume,  which  may  be  embedded  in 
or  injurious  to  adjacent  oral  tissues.  Production  of  a  crater  during 
irradiation  may  tend  to  scatter  the  plume  radiation  through  a  small 
angle,  thus  causing  a  high  energy  density  of  scattered  radiation 
within  a  specific  oral  region.  Scattering  of  radiation  and  particulate 
matter  through  the  hard  palate  to  ocher  anatomical  regions  probably 
presents  a  minimal  hazard  at  these  energy  and  power  levels.  Scattering 
of  particulate  matter  through  the  pharynx  and  bronchi  and  into  the 
lungs  is  presently  a  problem  in  high  speed  restorative  dentistry. 

Lung  abscesses  are  possible.  Laser  radiation  may  consequently  present 
a  greater  hazard  where  the  scattered  material  (in  the  plume)  has  a 
finite  velocity.  At  higher  energy  and  power  levels,  these  problems 
may  be  of  greater  significance. 

It  must  be  recognized  that  the  long  term  effects  of  trauma  to 
oral  tissues  are  similar  to  . those  in  ocher  anatomical  sites.  Should 
healing  not  readily  occur,  continued  Irritation  with  resultant 
pathological  consequences  may  arise.  ^ 
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Entomology 


In  studies  by  Wilde  (1  ),  a  non-Q-switched  ruby  laser  (pulse 
duration  2  milliseconds,  output  energy  0.57  joules)  and  a  Q-switched 
ruby  laser  (pulse  duration  10’^  sac.  energy  0.06  —0.04  Joules)  was 
used.  The  variability  in  pulse  duration  was  obviously  high.  The 
impact  areas  were  1.5  millimeter;  irradiation  distances,  38  milli¬ 
meters  to  30  centimeters.  Larvae  of  crogoderma  versicolor  species 
of  dermestid  beetles  were  irradiated.  Three  were  radiated  behind  the 
head  region  and  died  within  3  to  u8  hours.  Irradiation  of  the  dorsal 
and  ventral  abdominal  areas  resulted  in  loss  of  negative  phototaxis, 
cessation  of  feeding  and  death  of  all  larvae  within  18  days.  When 
directed  at  the  posterior  dorsal  surface  no  loss  of  coordination, 
mobility,  or  negative  phototaxis  occurred  but  it  did  affect  the  epidermal 
layer  as  shown  by  succeeding  molts.  Epidermal  layer  damage  was  trans¬ 
mitted  through  3  molts  in  4  of  the  treated  larvae.  Pupae  or  adults 
did  not  exhibit  this  type  of  injury.  Cockroaches  were  irradiated  in 
various  regions.  Life  duration  was  reduced.  The  author  concludes 
irradiation  may  be  considered  for  insect  control,  particularly  where 
monolayering  of  food  deposits  occur.  ^ 

The  approach  considered  is  expensive  compared  to  possible  chemical 
approaches,  or  the  use  of  incoherent  radiation.  No  immediate,  obvious 
value  in  pest  control  is  evident,  unless  sterility  can  be  easily 
produced  in  some  insects.  The  technique  of  release  of  insects  made 
sterile  by  other  types  of  radiation  among  the  normal  insects  has  been 
attempted  as  a  means  of  insect  control.  Although  there  is  no  justifi- 
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cation  for  the  use  of  pulsed  ruby  laser  radiation,  the  advent  of  gas 
lasers  operating  at  shorter  wavelengths  cay  deserve  investigation  in 
this  respect. 

Other  studies  by  Witt,  Reed,  and  Titcel  on  che  behavior  of 
irradiated  spiders,  particularly  with  respect  to  web  construction  are 
discussed  in  "The  Laser  Microbeam"  section  of  this  report.  In  the 
report  by  Goldman  et  a.1,  "Pathology  of  the  Effect  of  the  Laser  Beam 
on  the  Skin,"  one  black  widow  spider,  two  cockroaches  and  three 
caterpillars  were  irradiated  with  a  pulsed  ruby  laser  at  an  (undefined) 
energy  level.  Hematoxylin  and  eosin  stained  sections  of  the  caterpillar 
showed  sharply  demarcated  areas. 
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Mechanisms  for  Laser  Interaction  with  Biological  Systems 


Elucidation  of  the  interaction  of  laser  radiation  wich  biological 
systems  is  a  complex  problem  depending  on  many  physical  and  biological 
parameters.  Knowledge  is  required  of  the  characteristics  of  the  laser 
radiation  itself  (wavelength,  power,  energy,  energy  density,  polarization, 
and  some  aspects  of  coherency),  the  physical  characteristics  of  the 
biological  system  (absorption  coefficients,  scattering  coefficients, 
thermal  diffusivity,  specific  heat  etc.),  biological  characteristics 
and  reactions  of  the  system  (metabolism,  age,  pathological  character* 
istics,  anatomical  structure,  biochemical  structure,  etc.)  and  the 
possible  variation  of  both  physical  and  biological  characteristics 
during  laser  irradiation  (bleaching,  coagulation,  volatilization, 
physical  rupture,  alteration  of  function,  etc.).  The  mechanisms  by  which 
electromagnetic  laser  energy  is  transformed  to  thermal  energy,  mechanical 
energy,  or  secondary  radiant  energy  (wavelength  alterations,  scattering) 
require  at  least  partial  knowledge  of  physical  and  biological  character¬ 
istics  listed  above.  In  this  section,  a  review  will  be  presented  of  the 
studies  carried  out  to  characterize  and  elucidate  mechanisms  of  laser 
energy  transformation  in  biological  systems.  It  must  be  noted  chat 
while  the  transformation  to  thermal  energy  is  most  commonly  observed 
and  is  a  prerequisite  for  some  secondary  effects,  it  is  not  che  only 
transformation  chat  occurs  nor  is  it  always  of  primary  importance  as  co  . 
the  resulting  biological  effects  on  a  short  or  long  term  basis. 


A.  Modes  of  Thermal  Energy  Conversion 


1.  Theorecical  Models. 


Burkhalter  (1)  has  studied  the  interaction  of  laser  radiation 
with  various  physical  material*.  Ha  has  given  attention  to  heating 
during  and  following  laser  interaction.  Models  which  are  intended  to 
correspond  to  the  absorption  of  focused  and  unfocused  Q-switched  pulses 
are  presented.  Solutions  to  the  heat  flow  equation  (eqn  1), 


T>t 


(eqn.  1) 


where 

T  ■  temperature  increase  above  ambient 

t  -  time  elapsed  since  the  instancaneous  laser  pulse 

D  ■  thermal  diffusivicy  of  the  material  (this  constant  essentially 
determines  the  rate  of  heat  conduction). 

are  obtained  with  the  following  assumptions: 

1.  Laser  energy  is  delivered  in  an  instantaneous  pulse. 

2.  For  the  focused  case,  energy  is  absorbed  by  the  medium  only 

at  the  focal  point. 

3.  For  the  unfocused  case,  energy  is  absorbed  only  at  the  surface 

of  the  material. 

4.  The  thermal  constants  of  the  material  do  not  change  during  or 

following  the  laser  pulse. 


Relatively  simple  solutions  to  the  heat  flow  equation  can  be 
obtained  under  these  assumptions.  These  solutions  are  given  by 
Burkhalter  as: 
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T  (r , t) 

Q 

-  ■■■  ■-  ■  ■  e 

/?s  (4«Dt)  2'2 

4Dt 

(focused  case) 

2 

T  (z,t) 

2} 

A^s  (4jtDt)  112 

4 

4Dt 

(unfocused  case) 

where 

r  *  radial  distance  from  laser  focal  point 

z  •  depth  below  absorbing  surface 

A  -  cross  sectional  area  of  beam  at  absorbing  surface  (note 
Burkhalter  does  noc  discuss  the  fact  that  equation  3 
holds  only  when, 

VT» 

P  *  mass  density  of  material 

s  »  specific  heat  of  material 

Q  -  number  of  calories  absorbed  at  surface  or  at  focal  point. 

3urkhalter  states  that  these  assumptions  correspond  to  a  rough 
model  for  absorption  of  focused  and  unfocused  Q-switched  laser  pulses. 
3urkhalter  does  not  present  data  justifying  the  applicability  of  this 
model  to  biological  systems.  One  can,  however,  show  from  simple  conside 
ations  that  it  is  improbable  that  pigmentation  in 'biological  tissue 
occurs  in  layers  so  thin  and  opaque  as  to  warrant  the  assumption  that 
extremely  short,  (nanosecond  range)  laser  pulses  are  required  to  avoid 
heat  conduction  during  the  laser  pulse. 


Ham  has  noted  that  the  darkly  pigmented  human  pigment  epithelium 
absorbs  approximately  40%  of  incident  ruby  laser  radiation  in  a  layer 


10  microns  chick.  If  one  assumes  such  cissue  co  be  composed  of  densely 
packed,  non-scactering  melanin  granules,  then  the  absorption  of  light  in 
pigment  epithelium  should  obey  the  following  relation 


E  absorbed  _  , 

—  m  i  -e 

S  incident 


where 

x  -  thickness  of  pigment  epithelium  (cm) 
o(  m  absorption  coefficient  (cm-^). 


If  human  pigment  epithelium  is  assumed  to  be  10  microns  thick  then 


0.40 


1.00 


(1-e 


-c<  10‘3 


) 


This  relation  yields  an  approximate  absorption  coefficient  for  melanin 

of  o<  -  500  cm  This  result  indicates  that  a  layer  of  melanin  20 

microns  chick  is  required  to  absorb  a  large  fraction  (  »  707.)  of  collimated 

incident  laser  radiation.  Assuming  that  such  a  layer  exists  in  biological 

material  and  that  all  incident  laser  radiation  is  absorbed  in  this  layer, 

it  becomes  a  simple  matter  to  calculate  approximately  how  short  a  laser 

pulse  must  be  for  negligible  heat  conduction  to  occur  during  the  pulse. 

.  2 

The  laser  pulse  duration,  'Y  ,  must  be  less  than  —  for  negligible 

20u 

heat  conductions  to  occur  during  the  laser  pulse.  If  x  =■  ~ 2  and 

-3 

0  is  approximately  the  same  as  the  dirfusivity  of  water  (1.4  x  10  cm“ 
per  second)  then 'T  must  be  less  chan  0.2  msec.  Therefore,  in  most 
biological  tissue  layers,  absorption  coefficients  are  not  high  enough 
to  warrant  the  assumption  that  Q-switched  (nanosecond  range)  laser  pulses 
are  necessary  for  negligible  heat  conduction  co  occur  during  the  pulse. 
However,  Q-switched  (nanosec)  laser  pulses  may  be  necessary  for  negligible 
neat  conduction  co  occur  within  the  pigment  granule  during  the  pulse.  This 
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may  be  significant  in  elucidating  the  difference  between  threshold  values  for 
Q-switched  and  non-Q-switched  irradiation. 

For  focused  laser  radiation,  spot  diameters  of  one  micron  are 
achievable.  However,  insufficient  light  abosrption  (  «■  57.)  will  occur 
in  a  one  micron  diameter,  spherical  volume  to  warrant  use  of  the 
Burkhalter  model.  Heat  flow  will  noc  cake  place  in  these  focal  diamecers 
for  laser  pulae  durations  of  less  chan  0.4  usee. 

In  summary,  experimental  evidence  shows  that  absorption  in  biological 
materials  is  normally  coo  low  to  require  the  use  of  a  Q-switched  r  model 
for  laser  radiation  absorption.  However,  as  Burkhalter  points  out  (1) 
at  high  peak  power  densities,  absorption  may  become  non-linear  and 
increase.  It  may  be  significant  in  pigment  granule  absorpcion. 

Studies  by  Yura  (2)  on  laser  interaction  with  metals,  particularly 
the  transition  metals,  have  given  evidence  for  long  electron  recombination 
lifetimes  cas:  discussed:.!  by  Burkhalter.  In  these  studies,  it  is  suggested 
that  excited  electrons  are  crapped  in  metascable  quantum  states  and 
subsequently  recombine  emitting  light  and/or  imparting  vibrational  energy 
(phonon  production)  to  the  metal  lattice.  Phonon  production  is  the 
mechanism  by  which  heat  is  generated  within  the  metal.  Electron  recombin¬ 
ation  lifetimes  from  such  metascable  states  are  predicted  to  be  of  the 
order  of  one  nanosecond,  which  is  comparable  to  the  pulse  duration  of  a 
Q-swicched  laser.  Burkhalter  states  "in  this  manner,  a  material  may 
absorb  much  more  energy  per  unit  volume  from  short  pulses  such  as  - 
Q-swicched  pulses  than  from  long  ones,"  One  can  see,  however,  that  lower 
electron  energy  states  may  be  depopulated  by  a  Q-swicched  pulse,  and 
relatively  few  electrons  will  decay  back  to  these  states  during  the  pulse. 
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In  chis  case,  radiation  absorption  may  actually  decrease  rather  than 
increase  due  to  che  depopulation  of  lower  electron  energy  states. 

Other  quantum  state  configurations  exist  where  increased  absorption 
nay  occur  for  high  photon  densities  and/or  short  laser  pulse  durations. 

It  is  possible,  however,  that  Q-switching  nay  result  in  a  non-linearly 
decreasing  absorption  coefficient  rather  than  a  non-linearly  increasing 
absorption  coefficient.  The  electron  trapping  mechanism  discussed  by 
the  author  is  an  energy  storage  process.  A  comparison  between  this 
type  of  energy  storage  and  classical  thermal  energy  storage  is  deve¬ 
loped  in  che  following  paragraphs  for  biological  systems. 

Consider  a  highly  pigmented  tissue  layer  (eg.  che  retinal  pigmented 

epithelium)  which  is  heaced  by  a  laser  pulse  with  uniform  energy  density 

across  a  collimated  beam.  Assume  chat  one  wishes  to  raise  the  temperature 

of  Che  adjacent  retinal  tissue  (photoreceptors)  to  some  critical  tempera- 
O 

Cure,  Tc,  Withiut  considering  quantum  processes,  it  is  apparent  that 
laser  pulses  of  duration  shorter  than  the  time  required  for  heat  to  conduct 
across  a  single  layer  of  melanin  granules  in  the  pigment  epithelium  (assume 
melanin  granules  0.3n  in  diameter)  will  serve  only  to  store  thermal  energy 
in  the  melanin.  Therefore,  to  raise  the  temperature  of  the  adjacent 
retinal  tissue  to  Tc  will  require  that  more  radiant  energy  be  supplied 
as  Che  laser  pulse  duration  is  shortened.  Conversely,  if  the  laser  pulse 
is  coo  long,  heat  will  conduct  away  from  che  pigment  epithelium  coo  rapidly 
to  raise  the  temperature  of  the  adjacenc  retinal  tissue  to  T  .  If  thermal 
energy  is  stored  in  a  single  layer  of  melanin  for  a  time  approximately 
equal  co  the  laser  pulse  duration  Chen  the  laser  energy  that  must  be 


supplied  Co  resulc  in  steam  produccion  is  a  minimum  compared  co  longer 
or  shorter  pulses  (4).  The  time  for  heat  co  conduct  across  a  single 
melanin  granule  may  be  of  the  order  of  nanoseconds,  based  on  the  thermal 
diffusivity  of  water.  Hence,  thermal  energy  can  be  stored  in  a  melanin 
granule,  with  relatively  little  loaa,  during  a  q-awlcched  laser  pulse 
based  only  upon  classical  heat  flow  considerations.  If  the  time 
required  for  phonon  production  in  biological  material,  such  as  melanin 
is  also  of  the  order  of  nanoseconds,  then  it  will  become  difficult  co 
separate  classical  heat  conduction  effects  from  the  quantum  effects 
(electron  trapping)  chat  Burkhalter  has  cited.  Q-switcnea_.pulses  co 
the  retinal  pigment  epithelium  should  also  be  che  most  efficient  pulses 
for  producing  high  temperatures  in  the  recina  from  the  standpoint  of  heat 
conduction  alone.  Hence,  some  of  the  drastic  effects  noted  following 
Q-switched  laser  irradiation  of  biological  systems  may  be  explained  in 
terms  of  classical  thermal  conduction.  Further  experimental  and  theoretical 
work  is  required  before. the  importance  of  quantum  mechanical  interactions 
per  se  during  Q-switched  laser  impact  is  known. 

Fine  et  al  (5)  have  included  the  effects  of  interfaces  on  laser  radi¬ 
ation  absorption  in  biological  systems. 

"Biological  systems  may  be  considered  to  consist  of  strata  of 
differing  composition  and  properties,  separated  by  interfaces.  For 
example,  in  the  abdominal  region,  the  strata  can  be  grossly  considered 
as  skin  and  discontinuous  subcutaneous  tissue,  muscle,  peritoneal 
layers,  and  viscera.  Interaction  with  this  multilayered  system  will 
differ  from  interaction  with  a  homogeneous  system.  Multiple  reflec¬ 
tions  can  occur  from  the  various  interfaces,  on  both  a  gross  and 
microscopic  level,  resulting  in  trapping  of  radiation  energy  within 
a  specific  gross  or  microscopic  region,  particularly  if  a  change 
in  wavelength  occurs.  The  energy  density  within  this  region  can 
consequently  be  greater  than  if  the  region  were  not  part  of  a 
multi-layered  system  and  if  reflections,  particularly  from  the 
interface  deep  to  the  layer,  did  not  occur." 


280 


r 

6 


Calculations  are  performed  on  infinite,  three- layer  material  (App.  1) (5) 
with  partially  reflecting  interfaces  and  a  given  percent  absorption  in  the 
central  layer.  It  is  shown  that  the  radiant  energy  absorbed  in  the 
central  layer  is  increased  in  Che  presence  of  partially  reflecting  inter¬ 
faces  although  the  energy  absorbed  in  the  central  layer  cannot  be  greater 
chan  twice  the  energy  absorbed  without  boundaries.  Greater  absorption 
can  occur  in  the  central  layer  if  there  is  an  alteration  in  wavelength 
with  an  associated  alteration  of  absorption  coefficient.  If  there  is  an 
alteration  of  wavelength  because  of  interaction  at  the  interfaces,  then 
considerable  trapping  of  energy  wichin  the  central  region  could  occur 
(Che  greenhouse  effect). 

Fine  et:  £l  suggest  that  increased  absorption  at  abdominal  inter¬ 
faces  may  result  in  steam  production  and  possibly  cause  the  skin  distention 
that  has  been  observed  in  mice  (5).  An  extension  of  the  interface  model 
should  include  the  effect  of  tissue  curvature  during  the  distention. 
Reflective  focusing  of  trapped  radiation  will  increase  the  energy  density 
of  Che  radiation  in  zone  2.  Since  the  curvature  of  the  interfaces  changes 
during  laser  impact,  the  problem  of  reflective  focusing  in  skin  distention 
is  both  non-linear  (due  to  non-uniform  steam  production)  and  time  varying. 
Further  modification  of  the  simple  model  presented  by  Fine  et  jU.  should 
include  the  effects  of  refractive  focusing  of  incident  laser  light  by 
both  external  lens  systems  and  by  the  curvature  and  refractive  indices  of 
the  various  tissue  layers.  Models  are  in  preparation,  by  the  authors  of 
this  review,  which  include  the  effects  of  refractive  and  reflective 
focusing  of  laser  radiation  in  biological  tissue  (6). 
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Variations  in  refractive  index  on  a  cellular  scale  introduces 
radiation  scatter.  More  refined  models  of  laser  radiation  absorption 
should  include  this  effect. 

In  the  excellent  gross  and  histological  studies  by  Heiwig  et  al  (  7  ) 
the  epidermal  temperature  elevations  for  various  beam  diameters  and  incident 
energies  delivered  by  a  non-Q-switched  ruby  laser  have  been  calculated. 
Pertinent  parameters  for  skin  are  taken  from  studies  done  at  iov  power 
levels  such  as  that  of  a  spectrophotometer  or  carbon  arc  and  on  various 
animals  and  in  vitro  human  systems  by  Hardy  e£  £1  (8),  Davis  (9),  Henriques 
and  Moritz  (10)  ,  and  Kupenheim  et.  a_l  (11) .  For  beam  diameters  of  the 
order  of  1  cm  and  an  epidermal  thickness  of  about  10 Op. ,  heat  conduction 
can  be  ignored  during  a  laser  heating  pulse  of  1.6  msec  duration  in 
order  to  obtain  a  rough  estimate  of  che  temperature  elevation  of  the 
epidermis.  The  equation  used  by  Heiwig  et  al  is: 

E  o<  t  (1  -  r) 

T  -  - - - 

/>c 

s' 

where  £  is  energy  of  the  incident  laser  beam  in  calories;  oi  ,  che 

o  -1 

absorption  coefficient  at  7,000  A  in  cm  ;  t,  the  epidermal  thickness; 

«d2 

(1-r)  the  fraction  of  the  beam  not  reflected;  ;  the  exposure  area 

4 

or  image  size;  che  epidermal  density  in  g/cm2;  and  C,  the  epidermal 
specific  heat  in  cal/g  per  °C.  The  factor  z  in  the  denominator  is 
probably  an  approximation  to  the  expression  (1  -  e  for  c*t  small. 

For  ■»  20  cmr^  and  t  •«  100p,  the  error  in  using  this  approximation  is 
about  10%.  Heiwig' s  calculations  indicate  that  the  heat  content  per 

—  9 

gram  (  ■»  5  x  10  cal/gm)  necessary  for  protein  denaturation  is  easily 
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achieved  in  Che  epidermis  by  laser  irradiation  in  Che  cen  joule  range 
£or  beam  diameters  of  abouc  1  cm,  (Fig.  23  of  (7)).  The  authors  conclude 
chat  thermal  processes,  such  as  protein  denaturacion,  are  sufficient  to 
explain  laser  induced  lesions.  Furthermore,  they  feel  chat  the  magnitude 
of  the  predicted  thermal  affects  per  se  would  cend  to  limit  the  detectability 
of  ocher  physical  or  biologic  effects.  Further  attention  should  perhaps 
be  directed  to  the  photographs  shown  by  Helwig  et  al  of  histological 
slides  taken  of  porcine  skin  following  laser  irradiation  in  the  12  joule 
range.  These  photographs  show  possible  marked  mechanical  rupture  (perhaps 
due  to  steam)  of  the  epidermal  layers  which  may  be  different  from  thermal 
effects  per  se.  However,  other  possible  explanations  such  as  formation 
of  an  exudate  are  possible.  Whether  one  should  include  pressure  transients 
cratering,  change  of  phase,  and  ablation  as  "thermal  effects”  requires 
further  consideration. 

In  the  course  of  their  comprehensive  well  documented  irradiation 
studies  on  the  eye,  Ham  et  al  (12)  have  developed  a  model  for  laser 
radiation  absorption  and  heat  conduction  in  the  human  ocular  fundus.  Accord¬ 
ing  to  chi3  model,  significant  absorption  begins  at  the  pigment  epithelium 
where  approximately  40Z  of  the  laser  radiation  is  absorbed  exponentially 
in  passing  through  10  microns  of  tissue,  and  approximately  the  remaining 
6071  is  absorbed  exponentially  in  passing  through  100-130  microns  of 
choroid. 

In  Ham’s  model,  absorption  in  the  retina  and  anterior  ocular  media 

is  considered  as  negligible.  This  is  a  reasonable  assumption  since  absorption 

o 

and/or  scattering  in  these  regions  is  only  abouc  10Z  at  6943  A.  Other 
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highly  absorbing  cissues,  such  as  the  iris,  are  not  specifically  included. 
It  is  also  reasonably  assumed,  only  for  the  purposes  of  this  model,  that 
pigmentation  im  uniform  in  the  pigment  epithelium  and  choroid.  Scattering 
is  mentioned  as  a  possible  attenuation  mechanism  in  the  fundus,  but  is 
not  considered  in  the  model,  because  of  its  complexity.  In  the  lightly 
pigmented  choroid,  some  thought  can  be  given  to  back-scattered  radiation 
from  the  sclera  which  may  yield  higher  radiation  energy  densities  at 
the  pigment  epithelium. 

Ham  et  al  note  that  the  highest  temperature  gradients  will  occur 
between  the  pijpnent  epithelium  and  retina,  due  to  the  relative  transparency 
of  the  retina.  Although  the  retina  is  transparent  to  visible  wavelengths, 
it  may  be  relatively  opaque  to  those  associated  with  heat.  This  high 
temperature  gradient  will  cause  heat  to  be  conducted  preferentially  to 
the  retina  rather  than  to  the  choroid.  A  more  complex  model  than  that 
presented  may  include  the  effects  of  choroidal  blood  supply  on  radiation 
absorption  and  heat  dissipation.  Although  the  velocity  of  flow  in  the 
choriocapillaris  is  low,  the  blood  volume  may  be  high,  and  meric  consider¬ 
ation.  The  highest  temperature  will,  as  indicated  in  the  model,  occur 
initially  in  the  pigment  epithelium  and  spread  via  heat  conduction  to  the 
photoreceptors  in  Che  retina. 

A  reasonable  model  is  assumed  by  Ham  et  al  in  which  the  maximum 
temperature  of  the  irradiated  portion  of  the  pigmented  epithelium  is 
estimated  by  neglecting  thermal  conduction  and  considering  a  "pill  box" 
cen  microns  thick  and  having  a  diameter  the  same  as  the  laser  beam  incident 
at  the  pigment  epithelium.  If  40%  of  the  radiant  energy  incident  on  the 
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surface  of  Che  pill  box  is  absorbed,  then  che  authors  conclude  chac  a 

2 

radiation  dose  of  0.85  J/cm  (delivered  in  200  nsec)  yields  a  threshold 
lesion  in  the  rabbit  retina  and  will  produce  a  temperature  rise  of 
approximately  81°Centigrade  in  che  pigment  epithelium  (12). 

Examination  of  this  calculation  shows  that  Ham  has  assumed  a 
relation  for  temperature  increase  of  the  form: 


c 

where  H  is  che  number  of  calories  absorbed  in  the  pill  box  per  unit 
cross-sectional  area  of  the  incident  laser  beam  (at  the  pigment  epithelium), 
and  t  is  the  thickness  of  che  pill  box.  The  specific  heat  and  density  of 
the  pigment  epithelium  are  assumed  to  be  unity  (the  same  as  that  of  water). 

Ham  ec  al  have  considered  that  radiation  absorption  in  che  pigment 
epithelium  and  choroid  would  probably  occur  exponentially.  Another 
possibility,  consequently,  is  to  assume  exponential  absorption  (diathermancy 
of  Che  tissue).  This  would  chen  yield  a  somewhat  higher  expected  maximum 
temperature  in  che  pill  box. 


The  following  relation  assumes  adiabatic  walls  (no  heat  conduction 
out  of  the  pill  box),  zero  reflectivity  at  che  pigment  epithelium,  no 
scattering  and  zero  conductivity  within  che  pill  box  based  on  che  model 
by  Ham  et  al.  If  che  diathermancy  of  Che  tissue  is  included  via  che 
absorption  coefficient,  o(  , 


T 


-  C*x 


4.18  DC  A 
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T  (x)jaax  ifl  the  maximum  temperature  rise  at  a  depth,  x,  within  the  pill 

box;  E0  is  the  incident  energy  from  a  collimated  beam  at  the  retina; 

0(  is  the  absorption  coefficient  for  the  pigment  epithelium  (approximately 

300  cjT^);  A  is  the  cross-sectional  area  of  the  beam;  0  and  C  are  the 

P 

density  and  specific  heat  of  the  pigment  epithelium  and  are  assumed  to  be 

approximately  unity.  For  E/A  -  0.83  joules/cm^,  t  (02,  the  maximum 

surface  temperature  rise  of  the  pigment  epithelium  nearest  the  retina 

is  102°  C,  of  the  same  order  of  magnitude  as  the  81°  C  calculated  by 

2 

Ham.  For  the  Q-switched  case  of  0.07  joules/cm  Incident  on  the  retina 
T(0)  is  8.4°  C,  and  varies  little  from  the  6.7°  C  as  Ham  has  calculated, 
if  the  assumption  is  made  that  radiation  absorption  in  the  pigment  epithelium 
and  choroid  will  probably  occur  exponentially,  as  discussed  by  Ham  et.  al. 

The  maximum  temperature  of  theipigment  epithelium  under  adiabatic 
conditions  (no  heat  flow)  will  therefore  be  somewhat  higher  chan  that 
obtained  for  the  model  where  uniform  absorption  occurs.  The  assumption 
of  exponential  decay  leads  to  temperatures  above  the  steam  point  for 
water  when  ambient  temperature  (approx.  37°  C)  is  added  to  the  102°  C 
temperature  rise  for  Che  case  of  0.85  j/cm^  incident  at  the  retina.  In 
the  extensive  investigations  by  Ham  et  al ,  this  energy  density,  when 
delivered  in  a  200  tisec  ruby  laser  pulse,  resulted  in  an  ophchalmoscopically 
visible  lesion  in  the  fundi  of  pigmented  rabbits  five  minutes  after 
exposure.  This  type  of  lesion  was  termed  a  "threshold  lesion”  by  Ham. 

Ham  points  out  that  such  a  lesion  may,  however,  not  represent  minimum 
Irreversible  damage  to  the  rabbit  retina.  Further  study  is  required 
before  the  importance  of  steam  production  in  retinal  damage  can  be 
ascertained. 
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Additional  data  is  presented  byHam  et  al. ,  based  on  extensive  studies 
for  exposure  times  longer  than  200  psec  (using  Xenon  or  carbon  arc  light 
sources)  which  tabulates  the  energy  density  required  for  a  threshold  lesion 
and  the  total  temperature  rise  of  the  pigment  epithelium  at  the  end  of  the 
pulse.  Temperature  calculations  are  presented  for  cases  where  first,  heat 
conduction  is  neglected  and  second,  where  heat  conduction  from  the  faces 
and  sides  of  the  "pill  box"  absorber  in  the  pigment  epithelium  is  taken 
into  account.  Calculations  were  carried  out  by  Ham  et  al  on  the  model  and 
are  presented  in  Table  I. 


TABLE  I 


Maximum  temperatures  in  the  PE  for  diffcre.it  exposure 

times 

as  estimated  on 

che  basis  of  the  pill  box  model. 

An  electrical  analog  has 

been  used  to  take 

account  of  heat 

conduction  in  the 

model. 

Exposure  time 

Radiation  dose 

Max.  temp,  rise 

in 

Max.  temp  rise  in 

in  fisec 

in  j/cm^ 

PE  neglecting 

PE  correcting 

conduction 

for  conduction 

0.030 

.07 

6.7 

6.7 

200.0 

.85 

81.0 

52.8 

500.0 

1.10 

105.0 

50.5 

1,000.0 

1.38 

132.0 

55.0 

2,000.0 

1.72 

165.0 

53.5 

5,000.0 

2.41 

230.0 

49.3 

10,000.0 

3.07 

294.0 

47.3 

20,000.0 

3.90 

373.0 

46.8 

In  Che  Q-swicched  case,  temperatures  of  approximately  45°C  can  be  ex- 
pected  (assuming  exponential  or  uniform  absorption).  The  relatively  low 
temperatures  produced  by  Q-switched  laser  irradiation  and  the  appearance  of 
choroidal  hemorrhage  extending  into  the  subretinal  spaces  when  only  relati¬ 
vely  mild  retinal  damage  is  seen  lends  credence  to  the  hypothesis  that  other 
chan  thermal  processes  per  se  may  account  for  Q-switched  laser  damage  to 
the  rabbit  eye  and  other  biological  tissue  (12,5). 
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In  development:  of  Che  model,  uniform  absorption  in  che  subrecinal 
pigmented  tissues  was  assumed  by  bo£h  Ham  (12)  and  Vos  (13).  They  have 
not  included  the  problems  of  intra-layer  and  interlayer  inhomogeneities 
of  pigmentation,  possible  laser  emission  inhomogenieties  across  che  end 
surface  of  the  rod,  and  the  effects  of  radiation  scatter.  It  should  be 
noted  chat  these  inhomogeneiciea  have  been  considered  by  Ham  et  al  in 
their  comprehensive  studies.  Attention  to  che  problems  of  incer layer 
variations  in  radiation  absorption  by  biological  tissue  has  been  given 
by  T.P.  Davis  (9)  and  J.M.  Davies  (15)  in  investigations  of  in  vivo 
burn  production  in  porcine  skin  from  broad-ban d  radiation.  Davies  (15) 
has  given  some  consideration  to  the  problems  of  scatter  in  tissue. 

Felstead  and  Cobbold  (16)  have  developed  an  electrical  analog  for  thermal 
conduction  in  the  human  eye.  They  assume  rotational  symmetry  of  che  eye 
and  coagulating  beam  and  neglect  effects  due  to  vaporization  and  pressure. 
Some  consideration  of  che  relative  absorption  of  light  in  the  various 
tissue  layers  is  given,  but,  diathermancy  is  neglected  insofar  as  these 
layers  a~e  assumed  Co  absorb  uniformly  as  a  function  of  depth.  Radial 
variations  in  beam  intensity  can  be  included  in  the  Felstead-Cob'oold 
analog  if  these  variations  are,- invariant  under  rotations  about  che  optical 
axis  of  che  incident  beam.  Such  variations  are  not  considered  by 
Felstead  and  Cobbold  in  using  che  analog.  ^ 

A  number  of  attempts  have  been  made  to  measure  temperatures  at 
various  sites  in  rabbit  eyes.  These  studies,  in  some  cases,  have  been 
carried  out  in  an  attempt  to  verify  various  theoretical- models  for  thermal 
alterations  in  che  rabbit  fundus  and  to  elucidate  mechanisms  of  laser  eye 
damage  and  clinical  photocoagulation  of  the  _in  vivo  human  eye. 


288 


,  c 

Since  direct  temperature  measurements  are  extremely  difficult  to  perform 

during  and  following  laser  impact,  and  are  probably  not  reliable,  expected 

temperature  elevations  in  the  ocular  fundus  must  be  calculated,  (as  they 

have  been  done  by  Haun  e_t  al)  from  measurements  of  laser  energy,  laser 

pulse  duration,  beans  diameter  at  the  pigment  epithelium,  absorption  of 

various  ocular  tissues,  and  the  physical  dimensions  of  the  tissues  involved. 

Beam  splitter  techniques  for  measuring  laser  output  energy  and  pulse 

duration  must  be  carefully  designed  to  avoid  the  problems  of  inconsistent 

beam  polarization.  The  measurement  of  laser  beam  diameter  within  the 

eye  required  accurate  knowledge  of  the  optical  properties  of  the  particular 

eye  under  investigation.  For  example,  considerable  differences  may  be 

presenc  between  the  human  and  rabbit  eye.  The  absorption  properties  of 

various  ocular  tissues  have  been  considered  by  Geeraets  e_t  a_l.  The  figures 

o 

of  40%  and  607.  attenuation  at  6943A  in  the  pigment  epithelium  (PE)  and 
choriod,  respectively,  must  take  into  account  the  fraction  of  the  light 
absorbed  and  the  fraction  scattered.  Variations  in  pigment  epithelium  and 
choroidal  thickness  and  density  of  pigmentation  are  important,  but,  difficult 
to  include  in  a  model.  All  of  these  factors  make  it  very  difficult  to 
predict  an  accurate  temperature  distribution  within  the  eye  following  laser 
irradiation.  An  error  analysis,  accompanying  the  calculations  which  are 
intended  to  predict  these  temperature  distributions  would  be  of  inceresc. 

Further  correlative  efforts  between  more  accurate^cemperature  measurement 
and  theoretical  prediction-are  necessary  before  a  model  for  thermal  inter¬ 
action  in  the  eye  can  be  developed. 

Vos  has  performed  a  theoretical  analysis  of  experimental  data  obtained 
by  Ham  al,  (14)  in  studies  of  retinal  flash  injuries  produced  by  white  'xf 
light  in  rabbits  (13).  In  the  Vos  analysis,  a  model  for  steam  production 
in  the  pigment  epithelium  is  developed  and  compared  to  a  model  where 

temperature  elevation  per  se  is  considered  as  the  mechanism  for  irreversible 
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threshold  lesion  production ’ in  the  rabbit  pigment  epithelium.  Temperatures 

QNi 

well  above  the  steam  point  for  water,  aa  calculated  for  the  energy  densities  / 

and  irradiance  pulse  durations  used  in  the  studies  by  Ham.  Sased  on  these 
results,  curves  of  constant  steam  production  (by  weight)  are  drawn  and 
found  to  coincide  reasonable  well  with  Ham's  experimental  results  for 
exposure  times  between  20  msec  and  250  msec.  Vos  interprets  these  results 
in  the  hypothesis: 

“A  threshold  lesion  as  defined  by  Ham  is  produced  when  a  steam 
explosion  takes  place  which  is  sufficient  to  give  a  marked  disruption 
of  the  retinal  tissue.  In  very  small  images,  this  may  be  expected 
to  happen  when  steam  production  reaches  an  absolute  minimum.  In 
large  images,  the  production  of  steam  per  unit  of  area  should  be  the 
determining  factor."  (13) 

This  uypochesis  should  be  subject  to  review,  based  on  the  excellent  experi¬ 
mental  results  of  Ham  et  al.  using  relatively  monochromatic  ruby  laser  radi¬ 
ation  in  the  one  millisecond  and  30  nanosecond  range. 

Vos'  calculations  of  temperature  elevations  are  indirect  and  rely  on 
experimental  data  and  associated  variation  similar  to  those  that  were  pointed 
out  in  conjunction  with  the  Ham  model  of  the  rabbit  fundus.  Vos  also 
neglects  the  diathermancy  of  the  pigmented  tissues  posterior  to  the  non- 

pigmented  retinal  layers.  It  is  assumed  chat  all  of  the  radiation  incident 

/ 

at  the  retina  is  uniformly  absorbed  in  a  volume  of  pigmented  tissue  termed 
"the  thermal  image"  by  Vos.  The  depth  of  the  thermal  image  is  neglected  for 
exposure  times  longer  than  300  nsec  whereas  the  cross-sectional  area  is 
assumed  to  be  that  of  the  incident  beam  at  the  retina.  However,  for  exposure 
times  greater  than  1  psec  and  less  than  300  nsec,  the  depth  of  the  thermal 
image  must  be  included.  Therefore,  if  the  Vos  model  is  to  be  used  to  pre¬ 
dict  the  temperature  distribution  within  the  "thermal  image",  all  dimensions 
of  the  thermal  image  should  be  considered.  Should  this  cask  be  pursued,  a 
model  for  the  ocular  fundus  including  radiation  scattering  and  tissue  dia¬ 
thermancy  is  desirable. 
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In  development  of  Che  model,  uniform  absorption  in  Che  subretinal 
pigmented  cissues  was  assumed  by  both  Ham  (12)  Snd  Vob  (13)  .'sot. .considered 
h'are"are  the  problems  of  intra-layer  and  interlayer  inhomogeneities  of 
pigmentacion,  possible  laser  emission  inhorcogenieties  across  Che  end 
surface  of  the  rod,  and  the  effects  of  radiation  scatter.  It  should  be 
noted  that  these  inhomogeneities  have  been  considered  by  Ham  et  al  in 
cheir  experimental  studies.  Attention  to  the  problems  of  interlayer 
variations  in  radiation  absorption  by  biological  tissue  has  been  given 
by  T.P.  Davis  (9)  and  J.M.  Davies  (15)  in  investigations  of  in  vivo 
burn  production  in  porcine  skin  from  broad-band  radiation.  Davies  (15) 
has  given  some  consideration  to  Che  problems  of  scatter  in  tissue. 

Felscead  and  Cobbold  (16)  have  developed  an  electrical  analog  for  thermal 
conduction  in  the  human  eye.  They  assume  rotational  symmetry  of  the  eye 
and  coagulating  beam  and  neglect  effects  due  to  vaporization  and  pressure. 
Some  consideration  of  the  relative  absorpcion  of  lighc  in  Che  various 
tissue  layers  is  given,  but,  diathermancy  is  neglected  insofar  as  these 
layers  are  assumed  to  absorb  uniformly  as  a  function  of  depth.  Radial 
variations  in  beam  intensity  can  be  included  in  the  Fels cead-Coboold 
analog  if  these  variations  are  invariant  under  rotations  about  the  optical 
axis  of  the  incident  beam.  Such  variations  are  not  considered  by 
Felscead  and  Cobbold  in  using  the  analog. 

A  number  of  attempts  have  been  made  to  measure  temperatures  at 
various  sites  in  rabbit  eyes.  These  studies,  in  some  cases,  have  been 
carried  out  in  an  attempt  to  verify  various  theoretical  models  for  thermal 
alterations  in  the  rabbit  fundus  and  to  elucidate  mechanisms  of  laser  eye 
damage  and  clinical  phococoagulation  of  the  _in  vivo  human  eye. 
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Campbell,  Noyori,  and  Rittler  have  studied  the  temperature  elevation 
at  the  interior  surface  of  the  retinae  of  in  vivo  grey  chinchilla  rabbits 
during  and  following  laser  retinal  coagulation.  The  laser  photocoagulator 
(  17  )  utilized  a  ruby  crystal  and  suitable  viewing  system  for  the 

observation  of  coagulations  and  thermocouple  positioning.  Laser  output 
was  maintained  at  0.065  joules  for  pulse  durations  of  one  millisecond  or 
less.  Baldwin-Lima-Hamilton,  micro-miniature,  exposed  junction,  chromel- 
alumel  thermocouples  were  inserted  through  small  scleral  incisions  and 
positioned  with  the  active  junction  assumed  to  be  in  thermal  contact  with 
the  interior  surface  of  the  retina.  For  temperature  measurements  at  the 
site  of  the  coagulation  a  curved  thermocouple  was  inserted  through  the 
sclera  behind  the  area  to  be  irradiated  thus  eliminating  any  shadowing 
of  the  retina  by  the  thermocouple  during  irradiation.  Temperature  measure¬ 
ments  outside  the  coagulated  area  were  made  by  inserting  the  thermocouple 
in  a  position  tangential  to  the  surface  of  the  retina.  Thermocouple  output 
was  displayed  on  an  oscilloscope. 

Results  Indicated  that  temperature  changes  of  less  than  0.5  degrees 
centigrade  occurred  in  the  plane  of  the  retina  at  distances  greater  than 
1  millimeter  from  the  coagulation  site.  At  the  site  of  the  coagulation 
itself  temperature  elevations  of  30  degrees  centigrade  were  recorded. 
Temperature  changes  of  about  0.5  degrees  centigrade  were  obtained  with 
the  thermocouple  tip  positioned  in  the  middle  of  the  vitreous  and 
centered  in  the  laser  beam. 


292 


There  are  errors  associated  with  thermocouple  measurements  that  are 
made  when  Che  temperature  sensing  junction  is  exposed  to  direct  or 
scattered  laser  radiation  (20,21).  The  oscilloscope  traces  chat  are 
illustrated  in  the  report  by  Campbell  jat  a^  were  recorded  on  a  very  slow 
time  scale.  Thermocouples  of  this  type  have  been  shown  to  respond  in 
approximately  one  millisecond  when  exposed  to  direct  or  scattered  laser 
radiation  (20).  Therefore,  much  important  fine  structure  such  as 
thermocouple  irradiation  is  lost  in  oscilloscope  traces  where  the  time  scale 
is  of  the  order  of  seconds  per  centimeter.  It  is  doubtful  Chat  Campbell 
ec  al  could  observe  Che  effects  of  direct  thermocouple  irradiation  from 
direct  or  scattered  light  in  their  oscilloscope  traces.  It  should  be 
noted  that  an  irradiated  thermocouple  junction  (and  insulating  sheath) 
can  heat  surrounding  tissue.  The  temperature  of  Che  heated  tissue  is 
relatively  persistent,  having  a  thermal  time  constant  of  several  seconds. 
The  thermocouple  outputs  observed  on  slow  oscilloscope  traces  by  Campbell 
et  al  are  probably  a  result  of  both  direct  laser  heating  and  thermocouple 
heating  of  retinal  tissue  adjacent  to  the  thermocouple  junction.  These 
two  mechanisms  of  tissue  heating  require  further  consideration; 

Measurements  of  the  relative  transmission  characteristics  of  the 
in  vitro  human  fundus  have  indicated  that  little  energy  is  absorbed  or 
scattered  by  the  non-pigmented  retina  itself  (22).  Most  of  the  absorption 
or  scattering  of  ruby  laser  radiation  takes  place  in  Che  pigment  epithelium 
and  choroid  posterior  to  the  retina.  Ham  (12)  assumes  chat  the  highest 
temperature  elevations  would  occur  when  the  retinal  pigment  epithelium 
absorbs  and  does  not  scatter  incident  radiation.  Ham  has  also  suggested 
chat,  from  a  practical  standpoint,  a  temperature  of  close  to  or  perhaps 


at  IOO°Cln  tha  pigment  epithelium  la  required  to  coagulate  retinal 
tisaue  to  the  point  where  the  relative  reflectance  of  light  from  the 
pigment  epithelium  through  the  normal  retina  and  the  retina  with  leaiona 
canube  distinguished  by  ophthalmoscopic  observation.  Vos  (13)  has  sug¬ 
gested  that  temperatures  achieved  in  the  pigment  epithelium  reach  the 
steam  point  and  sceam  production  accouncs  for  lesions  observed  in  the 
rabbit  retina  by  Ham  and  co-workers.  In  either  the  Ham  or  Vos  model, 
it  is  not  necessary  that  temperature  at  the  inner  surface  (anterior 
surface)  of  the  retina  will  probably  produce  ophthalmoscopically  visible 
retinal  lesions.  Further  experimental  study  is  required  before  the 
"temperatures"  measured  by  Campbell  et  al.  at  the  anterior  retinal  surface 
can  be  correlated  to  temperatures  in  the  pigment  epithelium.  Measure¬ 
ments  of  this  latter  type  should  provide  insight  toward  alucidating  the 
mechanisms  involved  in  clinical  retinal  coagulation  and  retinal  damage 
from  laser  radiation. 

Small  temperature  changes  were  noted  by  Campbell  et  al.  outside  the 
coagulated  area.  The  mechanisms  for  these  changes  require  further  con¬ 
sideration.  Some  of  the  mechanisms'  may  include  scattering  of  light  or 
thermal  conduction.  The  thermocouple  responses  shown  for  points  1  mm 
outside  the  coagulated  retinal  site  show  rise  times  of  much  less  chan  one 
second  and  decays  of  the  order  of  a  half  second.  If  the  retina  is  assumed 
to  have  the  thermal  diffusivity  of  water  (1.4  x  10  car/sec),  then  the 
time  for  conduction  from  the  coagulated  area  to  a  point  1  nan  from  the  edge 
may  be  longer  than  the  time  delay  observed.  However,  analysis  is  diffi¬ 
cult  since  the  relationship  between  temperature  distribution  and  coagula¬ 
tion  of  tissue  is  not  well  understood. 
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If  Ehermai  conduction  is  to  account  for  temperature  elevation  at  these 
sites,  the  thermocouple  trace  should  show  rather  slow  rise  times  (of  the 
order  of  seconds)  and  a  relatively  persistent  d.c.  thermocouple  voltage 
output  at  subsequent  times.  The  very  fast,  transient  thermocouple  out¬ 
put  noted  by  Campbell  et  al.  could  be  due  to  scattered  laser  light  reach¬ 
ing  the  thermocouple  or  to  specific  monitorpig^circuitry  whereby  the 
thermocouple  oupput  was  differentiated. 

The  author  concludes  that  thermal  summation  does  not  result  with 
repeated  coagulation,  derived  from  his  experimental  studies  of  rapid 
temperature  decay.  Further  temperature  measurements  are  necessary  in 
the  pigment  epithelium.  Temperature  measurements  may  be  perturbed  by 
direct  or  scattered  laser  radiation  to  the  thermocouple.  Further 
investigation  where  thermocouples  are  not  exposed  to  direct  or  scat¬ 
tered  laser  radiation  is  necessary. 

Najac  et  al  (23)  have  carried  out  extensive  thermocouple  measure¬ 
ments  in  the  moderately  pigmented  recina  of  gray  chinchilla  rabbit  eyes 
(in  vitro)  during  irradiation  by  a  modified  Meyer-Schwickerath  light 
coagulator  in  the  spectral  ranges  38G-750p.  and  380-1, 350u.  This  work 
was  a  light  coagulation  study.  The  sensing  junction  was  placed  anterior 

s' 

to  the  pigment  epithelium.  Information  as  to  the  exact  location  of  Che 
thermocouple  would  be  desirable,  but,  of  course,  is  limited  by  biological 
factors.  The  temperature  elevations  measured  for  a  threshold  lesion  (small 
amount  of  coagulation  in  the  center  of  Che  lesion)  ranged  from  12.3°  to 
20.6°  centigrade.  These  temperatures  are  cited  as  being  below  the  steam 
point  but  high  enough  to  produce  albumin  coagulation.  This  conclusion 
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may  b«  correct  ec  the  point  of  temperature  measurement  but  does  not  exclude 
steam  production  within  the  pigment  epithelium  itself. 

The  time  delay  between  thermocouples  placed  at  various  locations*---  ^  - 
within  the  retina  were  correlated  with  times  for  thermal  conduction. 

For  identical  thermocouples,  this  technique  would  yield  valid  results. 

Data  as  to  Che  response  characteristics  of  the  individual  thermocouples 
and  circuitry  would  have  been  of  interest.  Interchanging  thermocouple 
positions  between  experimental  runs  and  comparing  Che  results  might 
assist  in  decreasing  effects  due  to  dissimilarities  between  thermo¬ 
couples.  The  usual  problems  of  effects  of  direct  and  scattered  light 
on  thermocouple  functions  must  be  considered. 

I 

The  problems  of  direct  thermocouple  irradiation  have  been  discussed 
by  Geeraets  and  Ridgeway  (21),  Nowak  ec  al  (20),  Oavia  (23)  and  Crowder  (24). 
Geeraecs  and  Ridgeway  have  noted  chat  the  Insertion  of  a  thermocouple 
into  biological  tissues  gives  rise  to  artifacts  of  reflectance,  absorp¬ 
tion,  and  conduction,  at  the  site  in  the  tissue  where  measurements  are 

being  carried  out.  The  relative' size  of  the  thermocouples  wich  respect 

/ 

to  Che  image  size  of  the  incident  light  beam  on  the  retina  and  with 
regard  to  Che  dimensions  of  the  biological  structures  is  of  great 
importance  (21). 

Crowder  (24)  has  noted  that  a  large  artifact  was  introduced  into 
measurements  of  the  temperature  of  the  vitreous  at  various  points  along 
the  path  of  the  beam  during  photocoagulation  if  a  thermistor  probe  was 
placed  directly  in  the  photocoagulator  beam.  The  detector  absorbed  a 
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significant  amount  of  the  light  energy  even  when  a  fine  mirror  surface 
was  used.  To  overcome  this  difficulty,  Crowder  has  introduced  a  device 
whereby  the  thermistor  probe  is  mounted  at  the  tip  of  a  fine  needle  and 
Injected  into  the  vitreous  at  various  times  following  photocoagulation. 
While  no  calculations  were  shown,  Crowder  feels  chat  the  temperature  of 
the  vitreous  during  photocoagulation  could  be  calculated  from  the  decay 
curve  of  the  thermistor.  The  photocoagulations  used  by  Crowder  were 
either  one  or  five  seconds  in  duration.  The  thermistor  probe  had  a  rise 
time  of  0.085  msec  and  was  injected  in  less  than  10  milliseconds  following 
the  end  of  the  photocoagulator  pulse.  When  the  coagulating  beam  diameter 
is  less  than  one  millimeter  then  appreciable  heat  flow  can  occur  during  the 
irradiance  pulse.  Unless  the  temperature  at  the  point  of  measurement 
varies  monotonically  in  time  during  the  irradiance  pulse  and  during  the 
time  before  Che  thermocouple  is  injected,  it  is  not  possible  to  reconstruct 
a  time  temperature  history  from  the  decay  curve  of  the  thermocouple. 

Attempts  to  reconstruct  time- temperature  histories  from  thermocouple 
decay  curves  have  also  been  made  by  McCartney  and  Hall  (25).  Electronic, 
time-delay  circuitry  was  though:  sufficient  to  allow  thermocouples  implanted 
in  adenocarcinoma  tumors  (in  black  mice)  to  come  to  thermal  equilibrium 
and  allow  extrapolation  of  the  thermocouples  responses  to  yield  tempera¬ 
tures  during  laser  impact  (25).  Effects  of  direct  thermocouple  irradiation 
require  evaluation.  The  results  of  extrapolations  to  zero  time  require 
further  study. 
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A  theory  for  reconstructing  initial  temperature  distributions  from 
data  obtained  at  later  times  and  at  various  positions  has  been  presented 
by  Maskat  (26)  using  a  modified  Green's  function  approach  to  the  solution 
of  the  beat  flow  equation  with  time  reversal.  One  must  also  consider  the 
feat  that  if  thermal  injury  or  change  occurs  within  a  biological  system 
during  radiant  insult,  the  chances  are  in  favor  of  che  system  becoming 
non-linear  as  biological  change  proceeds.  This  further  complicates  the 
problem  of  reconstructing  the  time-temperature  history  of  a  biological 
system  from  data  taken  at  times  following  thermal  change. 

Nowak  et  al  (20)  have  shown,  using  che  energy- specific  heat  balance 
equation,  that  a  chromel-alumel  thermocouple  positioned  in  air  and  in  the 
path  of  a  12J,  1.0  cm  diameter,  1  msec  laser  pulse  will  indicate  tempeca- 
ture  rise  of  approximately  800°C.  The  thermocouple  bead  is  assumed  to 
have  an  effective  thickness  of  34  x  10~^  cm  (4/3  che  radius  of  the  thermo¬ 
couple  bead)  and  a  spectral  absorptivity  of  0.75. 

To  test  these  calculations,  experiments  were  carried  out  whereby 

/' 

chromel-alumel  thermocouples  (30)  with  Junction-tip  diameters  of  ap¬ 
proximately  0.002  inch  and  sheath  diameters  of  0.014  inch  were  exposed 
to  unfocused  radiation  from  a  non-<J- switched  ruby  laser.  The  thermo¬ 
couple  was  connected  directly  to  the  d.c.  input  of  a  Fairchild  704 
oscilloscope.  The  response  of  the  unshielded  thermocouple  is  shown 
(20)  with  tip  exposed  in  air  perpendicular  to  a  12J  beam.  Also  shown 
is  the  output  of  the  thermocouple  with  exposed  tip,  but  shielded  sheath. 

A  peak  pcmperature  of  790°C  was  obtained  in  a  good  agreement  with  che 
previous  calculation.  Shielding  the  tip,  or  equivalently,  shadowing  the 
tip  by  the  thermocouple  sheath  from  che  incident  radiation,  resulted  in 
a  modified  response.  _ 
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To  evaluate  further  the  response  of  the  thermocouple,  experiments 
were  carried  out  at  18J  in  air,  and  ac  12J  in  a  17.  saline  solution  and 
in  tap  water.  The  solutiona  ware  contained  in  a  plexiglass  box  S  inches 
X  2  Inches.  The  thermocouple  was  centered  within  the  box. 

The  ratio  of  the  peak  temperatures,  1260°C  and  790°C,  obtained  for 
18  and  12  Joule  exposed-tip  irradiations iin  air  is  in  reasonable  agree¬ 
ment  with  the  ratio  of  the  energies  and  with  the  calculations.  The 
temperature  of  the  thermocouples  (1260®C  and  790°C)  is  obviously  of  a 
different  order  of  magnitude  than  the  actual  air  temperature  in  the 
laser  beam  without  the  thermocouples  present. 

Thermocouple  temperatures  were  measured  within  the  solutions 
irradiated  at  12  joules.  No  differences  in  response  were  noted  between 
water  and  saline  solution.  With  either  the  whole  thermocouple  exposed, 
or  tip  alone  exposed,  the  peak  temperature  rise  recorded  was  approximately 
500°C.  The  peak  of  shielded-tip  response  in  solutions,  was  90°C.  This 
is  apparently  due  to  scattered  radiation  reaching  the  tip;  the  irregula- 
rity  of  this  peak  should  be  noted.  The  expected  rapid  quenching  of  the 
tip  when  in  solution  was  observed,  i. e.  2  msec  compared  with  16  msec  to 
1/e  of  peak.  The  delayed  peak  in  the  shielded-tip  response  is  due  to 
the  time  required  for  the  heat  absorbed  by  the  sheath  to  diffuse  to  the 
tip.  This  diffusion  probably  takes  place  along  the  thermocouple,  rather 
than  through  the  air  or  solution,  since,  the  thermocouple  is  the  path  of 
highest  thermal  conductance  and  since  the  25-30  msec  delay  occurs  both 
in  air  and  in  solution. 


299 


Davis  (28)  has  outlined  the  following  criteria  for  valid  temperature 


measurements  in  in  vitro  biological  systems  based  on  the  fundamental 
condition  that  temperature  is  defined  only  whan  a  system  is  in  thermal 
equilibrium  (no  thermal  energy  exchange  with  environment' dr  other  parts" 
of  the  system).  A  thermometer  is  introduced  as  an  auxiliary.-  thermo¬ 
dynamic  system  when  the  biological  system  in  question  exhibits  no 
useful  thermometric  characteristic  of  its  own.  The  thermometer  must 
not  perturb  the  thermodynamic  state  of  the  system  whose  temperature  is 
to  be  measured.  The  measurement  is  ».•:  ly  valid  only  when  the  system  and 
thermometer  achieve  and  maintain  thermal  equilibrium  (no  thermal  energy 
exchange  between  thermometer  and  system).  Thermometers  with  low  heat 
capacity  and  high  heat  transfer  coefficient  relative  to  the  system  can 
follow  tha  temperature  excursions  of  the  system  closely  but  never 
exactly.  In  those  cases  where  both  the  system  and  thermometer  are  in 
contact  during  a  heating  period,  the  thermometer  and  system  must  respond 
identically  for  a  valid  temperature  to  be  registered.  In  the  case  where 
an  opaque  thermometer  is  immersed  in  a  translucent  biological  medium 

and  the  two  systems  are  heated  together  by  a  radiant  energy  input  thermal 
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equilibrium  is  almost  impossible  to  maintain  between  Che  thermocouple 

A 

and  biological  system.  In  a  biological  system  where  transient  heat 
flow  occurs,  temperature  is  undefined  except  within  an  infinitesjimal 
volume  where  no  temperature  variation  is  assumed  to  occur  within  this 
volume.  If  arbitrarily  small  volume  elements  are  assumed  to  lie  in 
equilibrium  temperature  states, then  a  small  thermometer  can  measure  the 
temperature  of  a  volume  without  experiencing  a  temperature  gradient  across 
the  sensing  element  (27). 


B.  Modes  of  Mechanical  Interaction 


Ac  low  energy  density  and  power  density  levels,  the  gross  interactions 
o£  laser  radiation  with  biological  systems  are  due  mainly  to  temperature 
elevation  per  se.  As  the  pdwar  and  energy  density  is  increased,  mechanical 
interactions  due  to  phase  transformations,  tissue  volatilization,  thermal 
expansion,  and  quantum  processes  Involving  phonons  (quanta  of  vibrational 
energy)  become  important.  The  effects  of  mechanical  interactions  may 
exhibit  characteristics  different  from  the  effects  of  temperature 
•legation  per  se. 

Burkhalter  (1)  and  Fine  et  al  (5)  have  investigated  the  mechanical 
effects  6f  laser  interaction  with  torsion  and  ballistic  pendulums.  Fine 
et  al  have  reported  that  when  the  blackened  surface  of  a  ballistic 
pendulum  was  exposed  to  a  laser  pulse,  oscillations  were  observed.  This 
occurred  when  the  pendulum  was  mounted  in  air  or  in  a  vacuum.  Oscillations 
were  not  observed,  however,  when  the  unblackened  surface  was  exposed  (15). 
These  oscillations  appear  to  be  caused  by  conservation  of  momentum  at 
the  pendulum  surface,  rather  than  by  radiation  pressure,  thermal  gradients, 
or  heating  of  the  air  at  the  surface  (1,5).  Burkhalter  has  explained 
that  the  recoil  impulse  imparted  to  a  torsion  pendulum  by  volatilized 
mass  blown  away  from  at  the  pendulum  surface  can  be  determined  by 
measuring  the  torsion  constant  of  the  pendulum  system,  the  radius  at 
which  the  impulse  is  applied,  the  initial  angular  displacement  of  the 
system,  and  the  period  of  damped  oscillation  following  the  impulse  (1). 
Numerical  data  associated  with  this  recoil  effect  has  not  yet  been 
published  by  Burkhalter  and  would  be  desirable.  At  the  surface  of  a 
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biological  system,  it  is  possible  to  impart  a  net  momentum  change  to 
the  biological  target  via  tissue  volatilization  (excluding  the  volatilized 
material  itself).  At  higher  energy  and  power  density  levels,  volatilization 
and  phase  changes  may  occur  deep  to  the  surface,  whereby  a  net  momentum 

V 

change  is  not  Imparted  to  the  biological  target  as  a  whole,  yet  strong 
pressure  transients  may  be  generated  within  the  system.  The  mechanism 
of  surface  volatilization  is  probably  not  of  major  importance  in  damage 
deep  to  the  surface  at  high  energy  and  power  levels  (29) 

Fine  et  al_  (5)  have  investigated  pressure  transients  generated 
by  phase  changes  occurring  deep  to  the  surface  of  biological  systems. 

A  model  for  steam  production  has  been  adopted  where  quasi-static  conditions 
(constant  pressure  throughout  the  volume  of  water  vapor)  are  assumed  to 
exist  during  a  phase  change  induced  by  a  ruby  laser  pulse  lasting  on 
the  order  of  one  millisecond.  Radiation  from  Q-switched  systems  can 
produce  a  relatively  rapid  pressure  increase  in  comparison  with  radiation 
from  comparable  non-Q-switched  systems.  With  Q-switched  systems,  a 
rapid  pressure  build-up  can  occur  which  may  result  in  the  transmission 
of  a  shock  wave.  These  shockwaves  may  travel  with  relatively  little 
attenuacion  and  consequently  affect  areas  at  some  distance  from  tbeir 
origin  (5).  > 

Thia  model  has  been  applied  to  situations  where  outward,  hemispherical 

distensions  of  the  abdominal  wall  of  mice  were  observed  (5)  when  non-Q- 

o 

switched  radiation  at  6943  A  at  energy  levels  in  the  2-20  joule  range  was 
directed  at  the  abdominal  surface.  High  speed  photography  has  indicated 
that  the  millisecond  duration  of  the  distension  was  of  the  .order  of  the 
laser  pulse  duration.  Assuming  that  nearly  static  pressure  equilibrium 
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ta  established  in  the  tissue  over  an  interval  of  10  sec.  (based  on  the 
velocity  of  sound  in  water  vapor  at  1Q0°C) ,  it  is  shown  that,  for 
a  distension  radius  as  large  as  1  cm,  a  pressure  exceeding  1  atmosphere 
may  be  obtained  at  temperatures  a  little  over  1Q0°C.  There  is  ,  of 
course,  an  upper  limit  to  the  pressures  that  will  be  generated  before  the 
containing  membranes  burst.  This  limit  depends  on  the  stratum  in 
which  the  vapor  is  being  collectdd,  and  on  the  nature  of  the  overlying 
tissue  (especially  its  burst  strength,  which  may  be  dependent  on  strain 
rate  )  (5). 

Pressure  transients  may  be  created  by  thermal  expansion  without 
change  of  phase.  In  studies  on  physical  systems,  the  generation  of 
elastic  waves  have  accompanied  the  absorption  of  radiation  from  high 
power  light  sources  (including  electric  arc3  and  ruby  lasers),  microwave 
sources,  and  the  absorption  of  pulsed  electron  beams  within  solid  targets. 
Radiation  hbsorption  may  produce  local  temperature  gradients  and,  as  a 
result  of  thermal  expansion,  cause  stress  gradients  within  the  target 
medium.  Pressure  waves  then  propagate  from  the  stress  concentration  and 
may  create  shock  fronts  within  the  target  (29). 

In  biological  systems,  thermal  gradients  (and  hence  stress  concentrations) 
will  appear  at  the  target  surface  or  internally  during  the  absorpeion  of 
laser  radiation.  Where  refractive  index  changes  occur  at  interfaces 
within  biological  systems,  enhancement  of  radiation  absorption  can  exist, 
due  to  multiple  reflections,  therefore  giving  rise  to  stress  gradients 
beneath  the  surface  (5).  pressure  waves  may  then  propagate  through  the 
biological  systems  with  possible  shock  fronts  at  the  leading  and  trailing 
edges  of  the  wave  train. 
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Absorption  of  laser  energy  within  a  closed,  filled  cavity,  3uch 
as  the  eye  or  skull,  differs  from  that  occurring  at  a  free  surface  or 
within  a  cavity  with  non-rigid  walls  (31).  Phase  changes  that  occur  within 
filled  cavities  with  rigid  walls  will  generate  high  pressures  within 
the  cavity  when  quasi-static  conditions  can  be  assumed  to  hold.  The 
importance  of  cavity  boundaries  can  be  determined  by  considerations  of 
sound  velocities  within  the  cavity  and  laser  pulse  duration.  If  pressure 
transients,  travelling  at  the  speed  of  sound,  interact  with  rigid  cavity 
walls  during  a  phase  transformation  then  greater  pressures  will  occur 
chan  if  the  cavity  walls  were  flexible.  Under  quasi-static  conditions, 
pressure  pulses  can  be  transmitted  with  relatively  little  attenuation 
to  regions  distant  from  the  sice  of  interaction.  This  can  result  in 
tissue  destruction  due  to  direct  mechanical  effects  and/or  due  to  disruption 
of  vascular  supply  at  some  distance  from  the  site  of  original  laser  impact. 
Consequently,  severe  and  sometimes  fatal  injuries  can  be  produced,  although 
the  local  effects  at  the  sice  of  original  laser  impact  may  not  be  vital 
to  the  functioning  or  survival  of  the  organism. 

Experimental  studies  (11)  Amar)  have  indicated  the  importance  of 
laser  interaction  within  closed  filled  cavities.  Pine  and  Klein  (31,5)  have 
reported  studies  of  the  effects  of  pulsed  unfocused  and  focused  irradiation 
of  the  forehead  in  mice  and  have  discussed  the  importance  of  the  intact 
skull  in  these  studies.  The  hair  on  the  forehead  was  clipped  and  the  area 
depilated.  Of  41  animals  irradiated  at  energy  levels  below  100  joules, 

31  died  within  24  hours  of  irradiation.  Unfocused  irradiation  was 
followed  by  death  within  30  seconds  in  10  out  of  23  animals.  Neurological 
changes  were  noted  in  the  animals  which  survived  irradiation  (31). 
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Hemorrhages  from  Che  mouch,  nose,  audicory  meatus,  retro-orbital 
space  and  orbic  were  observed.  Alchough  subperiosteal  petechiae  were 
present  on  the  outer  cable  of  the  cranial  bones,  groaa  damage  to  the 
underlying  bone  was  not  evident.  Gross  intracranial  hemorrhages  were 
observed  in  the  meningeal  apace,  the  ventricles,  the  conducting  3yscea 
and  within  the  substance  of  the  brain  distant  from  the  sice  of  impact. 
Microscopically,  hemorrhages  were  seen  in  the  underlying  muscle  in 
addition  to  cutaneous  lesions.  The  bone  marrow  showed  elongated  and 
condensed  nuclei  on  microscopic  examination.  Hemorrhages  were  present 
in  the  meninges  and  meningeal  spaces,  as  well  as  within  the  cerebral 
and  cerebellar  cortex,  within  the  ventricles  and  at  the  base  of  the 
brain.  Sharp  demarcation  of  intracranial  lesions  was  not  observed 
grossly  or  microscopically  (31). 

At  energy  levels  exceeding  100  joules  per  pulse,  similar  results 

were  obtained  on  irradiation  directed  at  the  forehead.  However,  at 

energy  levels  in  excess  of  500  joules,  rupture  of  the  skin  overlying  the 

skull  with  folding  back  of  the  edges  at  the  site  of  the  rupture  was 

observed.  Preliminary  studies  indicated  that,  in  the  50  to  iOO  joule 
o 

range,  at  6943  A,  incident  radiation  of  the  order  of  10  percent  directly 
penecrates  through  the  skin,  muscle,  and  skull.  In  control  studies,  the 
exposed  brain  was  directly  irradiated  at  energy  levels  of  10  to  12  joules. 
Lesions  produced  in  these  animals  were  localized  to  the  sites  of  irradiation 
and  were  compatible  with  survival  (31).  These  studies  are  indicative 
of  the  importance  of  laser  interaction  within  a  closed,  filled  cavity  such 


as  the  cranium. 
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Studies  were  carried  out  by  garle  e£  £l  (32)  on  the  effects  of 

o 

radiation  at  20  joules  per  pulse  at  6943  A  directed  at  the  unshaven 
forehead  of  mice  and  rats.  With  unfocused  radiation,  the  hair  and  scalp 
of  white  mice  were  burned,  but  no  immediate  or  late  effects  were  found 
in  the  brain.  Vlch  the  beam  focused  to  an  area  2  mm  in  diameter  on  the 
scalp,  a  deep  burn  was  produced  in  the  skin,  the  cranium  was  intact,  and 
acute  subdural,  subarachnoid,  and  slit-like  intracerebral  hemorrhages 
were  produced  in  the  brains  of  some  mice,  but  not  of  rats.  With  the 
beam  focused  so  that  the  focal  point  would  be  within  the  brain,  if 
transmitted  through  scalp  and  cranium,  acute  ischemic  necrosis  and 
slit-like  hemorrhages  were  produced  in  brains  of  rats  and  mice.  The 
effects  were  fatal  to  mice  within  a  few  minutes.  The  rats  appeared  to 
be  dazed,  but  were  not  killed.  Two  rats  were  allowed  to  live  for 
eleven  days,  and  the  late  effects  were  found  to  show  features  of  healing 
contusions  of  the  brain  (32). 

In  subsequent  studies  by  2arle  and  Hayes  (33) ,  the  unshaven  heads 

of  unanesthetized  white  mice  were  exposed  to  unfocused  and  focused  (into 

•'  o 

the  brain)  laser  radiation  at  30-35  joules  per  pulse  at  6943  A.  Thirty- 
seven  animals  following  unfocused  irradiation  did  not  show  ill  effects, 

whereas  all  of  the  16  animals  exposed  to  a  beam  focused  2  mm  into  the 
brain  showed  immediate  severe  neurologic  symptoms,  which  culminated  in 
death.  These  results  were  considered  predictable  by  a  thermal  hypothesis, 

since  100  joules/cm  incident  on  the  skin  of  the  head  results  in  10  joules/ 

2  -1 
cm  incident  on  the  brain.  If  the  absorption  coefficient  is  16  cm  at 

o 

6943  A  and  the  specific  heat  1  cal/gm°C,  the  outer  100  microns  was 
computed  to  show  a  temperature  increment  of  46°C.  If  this  energy  were 
focused  to  1  mm  ,  however,  the  predicted  thermal  effect  would  be 
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increased  a  hundredfold,  and  severe  damage  and  death  would  occur  (33) . 


The  brains  of  anesthetized  cats  were  exposed  through  the  dura  to 
graded  energy  fluxes  from  a  ruby  laser.  A^45°  cone  angle  was  udlized 
in  an  attempt  to  produce  a  trackless  deep  lesion.  Immediately  after 
exposure,  the  animals  were  injected  with  trypan  blue,  and,  after  one 
hour,  perfused.  Graded  effects  (intradural  and  subdural  hemorrhage) 
and  increased  permeability,  as  evidenced  by  the  dye,  were  observed. 

All  of  the  lesions  appeared  to  be  in  continuity.  Deep  lesions  with 
sparing  of  superficial  tissues  were  not  observed  at  these  energy  and 
power  density  levels.  While  the  studies  by  Earle  et  al.  and  Earle  and 
Hayes  are  of  interest,  further  experimental  evidence  is  necessary  to 
separate  the  effects  of  closed  cranial  cavity  from  thermal  effects 
per  se. 

A  possible  model  for  the  above,  should  include  the  possible  re¬ 
fractive  or  reflective  effects  of  skin,  bone,  and  brain  upon  the 
posicion  of  the  focal  point  of  a  focused  laser  beam  that  penetrates 
the  cranium  of  a  mouse.  The  focal  point  in  air  can  be  expected  to 
shift  as  much  as  307.  and  experience  certain  aberrations  (neglecting 
radiation  scatter)  when  the  intact  mouse  skull  is  moved  into  the 
path  of  the  laser  beam.  Factors  such  as  refractive  indices,  skull 
curvature  and  the  external  optics  (especially  beam  convergence  or 
divergence  angle)  used  must  be  considered. 

The  following  model  considered  by  the  reviewers  may  enable  an 
initial  temperature  rise  to  be  determined  near  the  beam  edge  at  the 
brain  surface.  For  a  converging  beam  in  tissue,  the  temperature  rise  near 
the  beam  edge  at  the  tissue  surface  is  higher  than  the  temperature  near 
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the  beam  axis  at  che  tissue  surface.  Assume  Chat  Che  focal  depth  of 
2  sas  into  the  beam,  is  correct  when  head  curvature,  refractive  indices 
of  the  head,  and  baam  convergence  angle  In  air  are  considered,  Aaauae 
the  absorption  coefficient  of  16  cm“^  suggested  by  Earle  and  Hayes  for 

2 

the  mouse  brain,  an  incident  energy  density  at  Che  brain  of  10  Joulee/cm 

2 

(suggested  by  Earle  and  Kayes  (33)),  and  a  beam  cross  section  of  1  cm  at 
the  brain  surface  (suggested  by  Earle  and  Hayes  (33)).  The  initial 
surface  temperature  rise  near  Che  beam  edge  is  given  by: 

T  -  _(“n«gy  density)  (Absorption  Coeff)  (sec  68*) 

(4.18  joules/cal.) 

o 

T  *  100  C 

The  temperature  rise  near  the  center  of  the  beam  is  approximately  40°C. 

If  normal  ambient  temperature  (approximately  33°C)  is  added  to  these 
figures,  it  can  be  seen  Chat  around  che  periphery  of  the  irradiated 
surface  of  che  brain,  temperatures  will  exceed  che  steam  point.  One 
can  escimace  that  due  to  possible  phase  changes  within  che  mouse  cranium, 

the  biological  effects  observed  (33)may  notbe5hermal  per  sc. 

/ 

Experimental  studies  have  been  reported  by  Fine  e_c  a_l  (10) ••  where 
pressure  transducers  were  inserted  through  small  openings  in  the  other¬ 
wise  intact  skull  of  mice,  and  pressure  transients  were  measured  on  laser 
irradiation  of  the  forehead.  A  much  higher  pressure  was  recorded  within 
che  closed,  filled  cranium,  then  when  a  section  of  skull  and  skin  were 
irradiated  at  the  same  energy  level  with  the  pressure  transducer  placed 
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behind  and  in  contact  with  the  skull  (Figure  3)  .(30) . 

The  presence  o£  sonic  pressure  waves  during  the  interaction  of 
laser  radiation  with  both  in  vivo  and  in  vitro  biological  systems  has 
been  reported  by  Fine  al  (3d).  In  further  studies  (30),  both  sonic 
and  ultrasonic,  incoherent  pressure  waves  have  been  detected  during 
non-Q-switched  (approx.  20  joules)  and  Q-switched  (approx.  1  joule)  ruby 
laser  irradiation  of  heads  and  chests  of  mice.  These  frequencies  were 
detected  when  the  anterior  surfaces  of  the  chest  and  head  were  irradiated 

with  pressure  transducers  coupled  via  a  water  film  to  the  posterior 

'V? 

surfaces  of  mice  (30). 

Amar  e£  a_l  (35)  have  reported  the  production  of  pressure  transients 
in  the  occipital  bone  of  rabbits,  when  the  interior  of  the  eye  was  irradi¬ 
ated  through  the  pupil  with  a  fifty  milli-joule,  400  psec  pulsed  laser. 
Radiation  directed  at  the  sclera,  or  iris,  resulted  in  a  factor  of  ten 
decrease  in  pressure  amplitude  at  the  occipital  bone.  No  pressure  response 
was  noted  for  the  same  radiation  level  directed  at  other  portions  of  the 
rabbit  face  (for  example,  the  cartilage  of  the  nose)  (35).  These  results 
apparently  confirm  the  importance  of  laser  interaction  within  closed 
cavities  with  rigid  walls.  The  pressure  transients  were  recorded  with 
a  barium  titanate  crystal  transducer  affixed  to  the  occipital  bone.  The 
principle  component  of  the  pressure  response  was  reported  to  be  approxi¬ 
mately  40,000  c.p.s.  Piezoelectric  crystals  inconjunction  with  monitoring 
circuitry  can  be  reduced  to  an  equivalent  R-L-C  electric  circuit.  Resonance 
in  R-LrG  oscillating  circuits  enhance  power  outpuc  for  certain  frequencies. 
For  this  reason  it  would  have  been  desirable  for  Amar  _et  a_l  to  include  the 
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frequency  response  for  their  transducer  system  in  order  to  ascertain 
whether  the  40  K.C .  component  was  characteristic  of  the  transducer  system 
of  the  laser  interaction  (35). 

Marchal  e£  al_  (36)  have  irradiated  excised  cerebral  tissue,  which 
was  compressed  within  a  rigid  plexiglass  container.  The  laser  used  was 
a  pulsed  ruby  operating  at  4  joules.  The  tissue  was  Irradiated  through 
an  open  end  of  the  plexiglass  container,  and  ultrasonic  pressure  waves 
were  detected  in  the  250  kilocycle  region  by  a  barium  titanate  crystal 
coupled  to  the  oposite  closed  end  of  the  container.  The  crystal  was 
rated  at  15  megacycles.  However,  it  is  not  clear  whether  this  response 
was  related  to  the  specific  monitoring  equipment  used  in  the  experiments 
described.  The  transducer  oscilloscope  traces  shown  in  the  article 
contain  an  extremely  high  O.C.  component  (approx.  10  times  the  oscillatory 
signal),  which  indicates  possible  heating  of  the  crystal  by  scattered  or 
direct  laser  light.  However,  the  cause  of  this  O.C.  component  was  not 
discussed  by  Marchal. 

Ocher  experiments  are  described  in  which  a  plexiglass  plug  covered 
with  aluminum  foil  was  placed  over  the  same  plexiglass  container  filled 
with  water.  The  laser  was  focused  within  the  plug,  and  ultrasonic  pulses 
were  again  detected  at  the  bottom  surface  Of  the  container.  The  signal 
was  10  percent  of  chat  obtained  when  the  plug  was  removed  (36).  No 
indication  was  given  as  to  the  relative  amplitudes  of  the  O.C.  and  A.C. 
levels  for  this  set  of  experiments.  Such  data  would  have  been  helpful  s 
since  a  10  percent  reduction  in  signal  could  have  been  effected  by  elimin¬ 
ating  only  the  O.C.  component.  Elimination  of  the  D.C.  component  may 
have  been  indicative  of  transducer  heating  when  the  aluminum  foil  shield 


was  not  used. 
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The  crystal  transducer  was  removed  and  replaced  by  a  photodiode 
resulting  in  no  diode  signal  when  some  or  all  of  the  above  experiments  were 
repeated.  It  is  not  clear  from  the  article,  however,  which  experiments 
were  repeated  with  the  photodiode  in  place.  Further  data  using  the  photo¬ 
diode  may  have  cleared  up  the  problem  of  transducer  heating. 

Studies  on  pressure  wave  formation  and  transmission  have  been  carried 
out  by  Mendleson  e_t  a_l  using  various  physical  models  (37).  Pressure  waves, 
primarily  of  acoustic  velocity,  occurred  within  a  gelatin  model  following 
irradiation  with  a  Q-switched  laser  at  3  joules  (0.5  joules  per  pulse). 

The  pressure  waves  were  rapidly  attenuated  with  depth  in  the  gelatin  (37). 

Attempts  at  accurate,  direct  reading  of  pressure  amplitudes  have  met 
with  difficulties  in  the cca libra t ion  of  pressure  transducers.  While 
static  calibration  of  small  piezoelectric  crystal  transducer  (e.g.  barium 
titanate)  is  feasible,  dynamic  calibration  for  a  wide  range  of  frequencies 
is  difficult  to  achieve.  Since  the  electrical  and  mechanical  character¬ 
istics  of  piezoelectric  transducers  are  not  independent,  monitoring 
circuitry  must  be  carefully  designed  to  match  both  purely  electrical 
and  electrically  equivalent  mechanical  characteristics  of  the  crystal 

s' 

transducer.  The  transducer  must  be  calibrated  in  conjunction  with  the 
monitoring  system  to  be  used  during  the  course  of  the  experiments  and 
recalibrated  if  a  new  monitoring  system  is  employed. 

Careful  planning  of  experiments  can  allow  relative  measurements  to 
be  made  where  only  one  variable  of  an  uncalibrated  transducer  system  output 
is  allowed  to  change  (e.g.  frequency  or  amplitude  but  not  both).  Irradi- 
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ation  of  che  transducer  itself,  by  either  direct  or  scattered  light, 
must  be  carefully  nulled  in  comparative  studies  with  an  uncalibrated 
system. 

3ubbla  production  in  liquids  during  both  Q-svitched  and  non-Q- 
switched  laser  irradiation  has  been  reported  (38,39,40).  Weiss  (38)  has 
detected  bubble  production  during  studies  on  laser  activated  photochemical 
reactions.  It  has  been  suggested  that  foreign  material,  such  as  dust 
particles,  may  create  centers  for  local  heating  within  the  chemical 
ay*tem.  Absorption  of  laser  radiation  by  dust  particles  may  then  lead 
to  bubble  formation  at  localized  sites.  Another  possibility  is  the 
presence  of  gas  in  che  system. 

Desvignes  ec  _a_l  (39)  have  photographed  bubbles  that  have  formed  in 
human  vitreous  and  persisted  for  several  hours  following  pulsed  ruby 
laser  irradiation  of  che  isolated  vitreous.  Four  joule  laser  pulses  of 
approximately  500  usee  duration  were  focused  near  Che  free  surface  of 
human  vitreous  held  in  plexiglass. containers.  Gross  absorption  of  laser 
radiation  in  the  vitreous  was-'coo  low  to  direccly  cause  change  of  phase, 
yet  bubbles  were  observed  in  che  path  of  che  beam.  Desvignes  has  suggested 
that  a  correlation  exists  between  che  ultrasonic  waves  detected  by 
barium  citanace  transducers  located  at  che  bottom,  outer  surface  of  che 
plexiglass  container  and  bubble  formation  in  che  beam  path.  Ultrasonic 
cavitation  is  suggested  as  the  mechanism  for  bubble  production. 
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Fine  e£  a_l  (40)  have  detected  bubbles  formed  in  water  during 
Q -switched  studies  on  model  systems  with  reflecting  interfaces.  High 
speed  framing  photographs  from  an  STL  image  converter  camera  showed 
transient  bubble  production  along  the  beam  path  of  a  Q-switched  laser 
focused  at  the  surface  of  a  metal  place  submerged  In  a  glass  container 
of  water.  In  other  unpublished  studies  by  Fine  e_t  al,  bubbles  have  been 
detected  in  gelatin  blocks,  particularly  at  interfaces. 

Chiao,  Townes,  and  Stoicheff  (41),  have  shown  that  irradiation  of 

certain  crystals  by  a  50  megawatt,  30  iisec,  ruby  laser  pulse  results  in 

the  production  of  intense  (1  kilowatt),  coherent,  hypersonic  waves 
10 

(10  c.p.s.^  via  stimulated  Brillouin  scattering.  Studies  carried  out 

by  Garmire  and  Townes  (42)  have  shown  that,  in  a  similar  way,  intense, 
coherent,  hypersonic  waves  can  be  generated  iniliquids  such  as  water. 
Giulano  (43)  has  investigated  damage  in  dielectric  solids  caused  by 
hypersonic  waves  (13  g.c.),  which  were  created  via  stimulated  phonon 
processes,  both  within  the  solid  material  and  within  the  liquids  surround¬ 
ing  the  solid.  Gigacycle  waves  are  rapidly  attenuated,  thus  giving  rise 

N 

to  possible  damage  only  in  regions  near  the  laser  beam  itself.  Should 
coherent  hypersonic  waves  be  generated  in  biological  systems,  these  waves 
may  result  in  cell  death,  or  alteration  along  the  laser  beam  path. 
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Radiometric  and  Photometric  Units 


A  specific  portion  of  the  electromagnetic  spectrum,  called  the  risible 

region,  consists  of  radiation  which  stimulates  the  sense  of  vision*  In  the 

o  o 

limited  wavelength  interval  from  3800  A  to  76OQ  A,  a  system  of  units,  the 
photometric  system,  is  used  to  describe  the  average  response  of  the  eye. 
There  is  another  unit  system,  the  radiometric  system,  which  describes  the 
physical  nature  of  radiation  at  any  wavelength  but  does  not  supply  any 
information  with  regard  to  the  physiological  aspect  if  vision*  In  bio¬ 
physical  studies,  particularly  with  respect  to  ophthalmology,  a  problem 
arises  concerning  which  system  of  units,  photometric  or  radiometric,  to  use* 
The  most  important  factor  to  be  considered  is,  of  course,  which  system  will 
more  accurately  describe  the  particular  situation.  In  studies  concerned 
with  the  physiology  of  vision  the  photometric  system  is  a  convenient  choice. 
With  reversible  impairment  such  as  dazzle  and  glare,  this  system  of  units 
is  not  applicable.  If  the  object  of  the  study  is  the  mechanism  or 
thresholds  of  irreversible  damage,  sucb  as  retinal  burns,  or  reversible 
injury,  such  as  keratitis  or  keratoconjunctivitis,  then  a  description  of  the 
radiation  and  effects  in  terms  of  radiometric  units  may  be  more  useful. 

It  is  the  purpose  of  this  section  to  discuss  both  unit  systems,  with  emphasis 
on  the  photometric,  and  to  justify  the  above  statements. 

Photometry  and  the  photometric  unit  system  have  been  used  for  many 
years  in  illumination  engineering  and  vision  research  (1,2, 5,7) •  Typically 
such  units  as  lumens,  candles,  tro lands,  luce  and  Lamberts  are  used.  The 
basic  area  of  interest  of  photometry  includes  the  measurement  and  compu¬ 
tation  of  the  emission,  propagation,  absorption,  and  reflection  of  light 

o 

in  the  visible  region,  that  is  3800-7600  A.  Although  visual  response  has 


2- 


been  measured  to  the  wavelength  region  of  9000  A  for  sufficiently  intense 
stimulation  (i)  it  is  not  considered  in  the  usual  definitions  of  Photo¬ 
metry.  Photometry  is  concerned  with,  and  photometric  units  are  based  on, 

o 

the  quantitative  evaluation  of  radiation  in  the  3^00-7600  A  interval  with 
respect  to  its  capacity  to  stimulate  visual  sensation.  The  basis  of  photo¬ 
metry  is  the  sense  of  vision  and  the  units  of  pnotometry  are  based  on  the 
response  of  the  human  eye  in  the  above  wavelength  region  only. 


In  order  that  photometry  not  be  fully  subjective,  since  visual  sensitivity 
varies  from  person  to  person,  a  standard  visual  sensitivity  curve,  called  the 
luminosity  curve  was  adopted  by  the  International  Commission  on  Illumination 
in  192U  (2).  For  standardization  purposes  the  average  photopic,  or  light 
adapted  eye,  sensitivity  curve  is  used  as  the  basis  for  all  photometric 
units  (2).  The  photopic  as  well  as  the  average  dark  -  adapted,  or  scotopic 
V  response  curve  is  shown  in  Figure  I.  The  scotopic  curve  in  Figure  I 
illustrates  the  Purkinje  effect,  which  is  the  shift  in  wavelength  of  the 
sensitivity  of  the  eye  as  a  function  of  illumination.  Photometric  units  are 
defined  in  terms  of  the  photopic  eye  and  visual  photometric  measurements  of 
brightness  cannot  be  uniquely  related  to  the  photometric  illumination  except 
in  the  photopic  region  (2).  All  photometric  units,  thus,  are  referred  to 
units' defined  in  terms  of  the  light  -  adapted  eye  and  its  response  and  are 
not  related  to  scotopic  vision.  This  is  no  great  stumbling  block  to  photo¬ 
metric  measurement,  but  it  can  be  a  source  of  error  if  visual  photometry  is 
carried  out  under  various  illumination  conditions. 

As  long  as  measurements  using  photometric  units  are  consistent  with 
the  definition  of  the  units  no  difficulties  arise.  However,  evaluation  of 
physical  phenomena  on  the  basis  of  the  photometric  unit  system  relates  all 
measurements  to  the  subjective  quality  of  vision.  No  photometric  measure- 
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ment  can  describe  the  physical  interaction  of  optical  radiation  with  matter. 
Radiation  sources  are  specified  in  terms  of  their  visual  output.  Ulua- 
ination  of  targets  or  receivers  are  described  in  terms  of  how  visible  or 
how  bright  the7  appear.  Only  by  a  radiometric  description  of  the  radi¬ 
ation  source  in  terms  of  units  such  as  watts,  joules,  or  ergs,  can  a 
description  be  given  as  to  how  much  power  or  energy  is  emitted  or  how  much 
power  or  energy  is  incident  on  a  target.  Furthermore,  only  by  a  descrip¬ 
tion  in  radiometric  units  can  the  power  at  different  wavelengths  be  given. 
Only  in  the  radiometric  system  can  radiation  of  wavelength  shorter  than 
38OOA  or  longer  than  760QA  be  described  at  all.  The  comparison  of  units 
(Table  I),  and  their  meanings  more  fully  shows  the  general  nature  of  the 
radiometric  system.  The  notation  used  is  that  recommended  by  the  Optical 
Society  of  America.  (U). 

The  completeness  of  radiometric  units  can  be  seen  from  this  table  as 
well  as  the  major  fault  of  the  photometric  units.  There  are  no  photometric 
units  which  involve  the  spectral  distribution  of  radiation. 

The  two  basic  units  of  photometry  are  defined  in  the  following  manner: 

The  candela,  formerly  the  candle,  the  basic  unit  of  luminous  intensity, 
is  defined  as  the  luminous  intensity  of  one-sixtieth  square  centimeter  of 
a  blackbody  at  the  melting  temperature  of  platinum  (20U0°X)  (3). 

The  lumen,  the  basic  unit  of  luminous  flux  or  power  is  defined  in  terms 
of  the  radiation  source.  The  luminous  output,  F,  in  lumens,  of  a  light 
source  of  a  spectral  power  distribution,  is  defined  as  (2): 

b 

F»6fi0  £ K^d**  lumens  (l) 

where  g  is  the  normalized  photopic  luminosity  function,  shown  in  Figure  I, 
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and  the  limits  of  integration  extend  over  the  visible  region.  Table  II  gives 
conversion  factors  for  commonly  used  units  of  luminance  and  illumination. 

The  unit  of  retinal  illumination,  the  troland,  is  included  in  the  units 
of  illumination  since  it  is  a  unit  of  physiological  studies  (12).  The  troland 
or  luxon  is  defined  as  the  retinal  illumination  per  square  millimeter  of  pupil 
area  produced  by  a  surface  having  a  luminance  of  one  candela  per  square 
meter  (3).  Due  to  the  Stiles-Crawford  effect,  the  fact  that  light  entering 
near  the  edge  of  the  pupil  is  much  less  effective  visually  than  rays  near  the 
center  of  the  pupil,  for  pupil  diameters  of  about  2.5  millimeters  or  greater; 
the  troland  cannot  generally  be  used  for  pupils  larger  than  2.5  millimeters. 
However,  physiological  measurements  can  be  made  using  artificial  pupils  which 
limit  the  area  of  tho  natural  pupil  through  which  light  enters  or  an  equiva¬ 
lent  natural  pupil  size  can  be  calculated  as  pointed  out  by  >feon  and  Spencer  (13). 

It  is  important  to  note  that  the  troland  only  indicates  the  total  luminous 
flux  entering  the  eyes.  From  its  definition  in  terms  of  the  luminance  of  a 
surface,  it  would  seem  to  imply  that  the  retina  is  illuminated  over  the  full 
spherical  surface  subtended  by  the  same  interior  solid  angle  which  the 
illuminating  field  subtends  exterior  to  the  pupil,  as  shown  in  Figure  H. 

This  fact  is  pointed  out  in  Duke-Elder  (lit)  -  Thus  the  use  of  the  troland  as  a 
unit  of  retinal  illumination  implies  nothing  concerning  the  luminous  or 
radiant  power  density  of  the  retinal  surface  unless  the  illuminating  field 
and  pupillary  diameter  are  specified  simultaneously. 

The  units  of  the  radiometric  system  are  defined  in  terms  of  the  three 
basic  units  of  physics  -  length,  mass,  and  time  (L,M,T).  For  example: 

1  Joule  "  1  newton 

■  1  (kilogram-meter/sec^)-meter 
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cm  "  centimeter 


Luminance  Conversion  Factors  I 

Stilbs  Candles/in^  Apostilbs  Lamberts  Ft.-I^raberts 
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or,  dimensionally,  or..e  Joule  has  the  dimensions  (ML2  T“^)  and  since  one  watt 

A 

equals  one  joule/secood  the  dimensions  of  the  watt  are  (MlrT”-') . 

There  are  three  "basic  systems  of  physical  units  on  which  radiometric 
units  can  be  based.  The  two  metric  systems  are  the  XhS  and  the  CCS,  and 
th<*  tfilrd  oy  id  tsa  The  XK3  Byst,6A  IS  tRo  must  eemmonly  used 

system,  although  the  COS  is  sometimes  used.  The  definition  of  some  radio- 
metric  quantities  and  conversion  factors  are  given  in  Table  IV.  Included 
also  are  the  thermal  units  of  energy,  the  calorie  and  the  3.T.U.,  which 
are  occasionally  used  as  radiometric  units. 

Calculations  using  the  units  of  either  system,  within  that  system,  is 
straightforward  once  the  unit  of  power  (flux)  is  known.  ?or  example,  a 
radiation  source  emitting  one  watt  of  power,  ?,  will,  in  one  second,  radiate 
a  total  of  one  joule,  U,  of  energy.  A  source  with  a  luminous  flux  (power)  of 
one  lumen  will,  in  one  second,  radiate  a  luminous  energy  of  one  taibot. 

For  a  source  that  emits  radiation  isotropically  the  radiant  or  photometric 
power  (flux)  density  will  follow  the  inverse  square  law,  that  is,  at  a 

distance  R  (centimeters,  or  meters)  from  a  source  of  output  ?  (or  ?)  the 

/ 

power  density  eaittance  will  be: 

W“  P/%R2  watts/cm2  or  L-  F/^nR2  lumens/n2 
The  intensity  of  the  same  source  will  be: 

J-WR2  “  P/4n  or  I-IR2  ”  ?/4>t 

It  can  be  seen  from  the  description  of  the  two  unit  systems  that  the 

radiometric  system  is  fundamental,  that  is,  they  are  based  on  the  common 

units  of  physics  and  chemistry.  On  the  other  hand,  the  photometric  units 

are  tailored  for  relative  descriptions  of  visual  sensation. 
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la  order  that  the  luminous  output  of  a  light  source  be  specified,  its 
radiation  distribution  must  be  known  in  radiometric  units,  watts  per  micron. 
Thus  a  radiometric  description  of  radiant  processes  can  be  converted  to  a 
luminous  description  by  use  of  equation  one.  Photometric  descriptions, 
on  the  other  hand,  cannot  generally  be  converted  to  radiometric  ones 
since  a  given  luminous  unit  is  a  number  and  not  indicative  of  the  physical 
power  involved  or  its  distribution  in  wavelength.  In  other  ’words,  a 
large  variety  of  radiation  source  of  varied  spectral  radiant  power  can 
be  combined  in  equation  one,  to  give  the  same  value  of  luminous  flux. 

Unless  the  of  the  source  is  stated  separately  one  cannot  obtain  a 
radiometric  description  of  events.  In  the  case  where  the  luminous  output 
of  a  source  is  given,  as  well  as  the  spectral  power  distribution,  physical 
data  can  be  interpreted  directly  in  terms  of  the  information.  Table  V 
compares  several  light  sources,  including  single  wavelength  lasers,  under 
the  requirement  that  each  source  have  the  same  luminous  output.  It  can 
readily  be  seen  that,  especially  in  the  case  of  the  lasers,  the  specifi¬ 
cation  of  the  luminous  output  does  not  characterise  the  power  output. 

Since  most  lasers  operate  at  one  wavelength,  the  is  found  from  the 
luminosity  curve  and  multiplied  by  6£0  times  the  laser  power  output  to 
determine  the  luminous  flux  in  lumens.  The  inverse  process  works  equally 
well,  since  only  one  wavelength  is  involved  and  the  integral  of  equation 
one  is  replaced  by  the  simple  equation 

?laser  "  680  5.  3*  lumens 

In  the  assessment  of  ophthomological  hazards  with  respect  to  laser 
radiation,  photometric  units  are  not  only  inadequate,  since  some  infrared 


TABLE  V 


Total  Power  Output  of  Several  Light  Sources  of  Different  Spectral  Distribution 
Required  to  Produce  a  Luminous  Output  of  1$C0  Lumens 


Source 

Spectral  Power 

Total  Radiometric 

bistribution 

Power  Output 

Incandescent  Lamp 

Approx. 

Blackbody 

Distribution* 

9-10  watts 

Fluorescent  Lamp 

Phosphor  Fluorescence 
Distribution* 

U-5  watts 

Helium-Neon  Laser 

Single  Wavelength 

X  “6328 

88  watts 

Argon  Laser 

Single  Wavelength 

x-51 hS 

U  watts 

GaAs  Laser 

Single 

X  "8900 

Undefined 
(very  high) 

Argon  Laser 

X  *3002 

*  See  reference  1 
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reaches  the  retina  (10,11),  but  they  are  misleading  since  90?  of  the 
radiation  between  dCGO  S  and  9000  A  are  transmitted  by  the  refractive  media 
of  the  eye  (11).  Yet  ip  this  latter  wavelength  interval  the  X^  ,  lumino¬ 
sity  curve,  varies  from  its  full  maximum  to  zero.  Accordingly,  any 
attempt  to  classify  laser  hazards  in  terms  of  conventionally  defined  photo¬ 
metric  units  is  meaningless  unless  a  hazard  level  is  specified  at  each 
wavelength  considered.  This  is  a  most  arduous  task  and  it  would  be  far 
easier  to  determine  hazard  levels  in  terms  of  radiant  power  or  energy  levels. 
Using  radiometric  units  it  nay  be  possible  to  define  ophthomological  hazards 
with  one  or  two  specifications  regarding  'wavelength. 

In  the  section  on  C-as  Lasers,  it  was  shown  that  using  a  surface 
energy  density  of  1  joule/cm  at  the  retina  as  a  damage  threshold  value, 
it  may  be  possible  to  create  a  retinal  lesion  with  a  one  milliwatt  laser 
beam  at  6328  %  in  one  millisecond.  It  seems  reasonable  to  assume  this 

same  threshold  value  for  any  wavelength  in  the  interval  of  UCCO  to 

o  .  . 

5CCO  A  based  on  the  uniform  transmission  of  the  ocular  media  (11).  This 

hypothesis  seems  very  reasonable  and  is  commented  on  explicitly  by  Duke- 
Slder  (,1k).  The  exact  words  used  are  "Such  lesions  are  therefore  caused 
indiscriminately  by  infrared  or  visible  light,  the  reaction  being 
unrelated  either  quantitatively  or  qualitatively  to  any  particular  wave¬ 
length  but  depending  on  the  concentration  of  energy  incident  in  this 
region" . 

In  Table  VI  the  luminous  output,  in  lumens,  of  several  possible  light 

sources,  each  with  a  total  power  output  of  one  milliwatt.  The  radiation 

from  each  of  these  light  sources,  if  focused  at  the  retina  could  deliver  a 

2 

surface  energy  density  of  1  joule/cm  in  one  millisecond.  However,  the 
characterization  of  the  sources  in  terms  of  luminous  quantities  does  not 


TABLE  VI 
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indicate  the  similarity  of  danger  presented  by  each. 

In  biophysics  where  prime  consideration  is  given  to  physical  phenomena, 
such  as  damage  thresholds,  photochemical  interactions  and  thermal  inter¬ 
actions,  the  energy  and  power  of  radiation  must  be  unambiguous  or  at  least 
easily  understood. 

In  studies  primarily  involved  with  pnysiological  problems  either  unit 
system  can  be  used.  Due  to  the  vast  amount  of  work  that  has  been  done 
in  the  past,  (for  example  reference  5)}  on  the  physiology  of  vision, 
where  illumination  conditions  are  described  photometrically,  it  seen s 
convenient  to  maintain  the  status  quo.  It  would  be  advantageous  if  such 
studies  could  indicate  the  ?  of  the  light  source  involved,  since  the 
interrelation  between  physiological  and  physical  phenomena  is  of  interest 
(5, 6, 7,3).  This  does  imply  additional  work,  but  the  methods  of  determining 
?  are  well  known  (9) .  In  addition,  particularly  in  visual  effects  and 
hazards,  it  is  interesting  to  compare  reversible  and  irreversible  hazards; 
the  crossover  point  from  flash  blindness  to  retinal  damage  is  of  interest 
in  laser  research.  However,  the  work  done  or.  flash  blindness  uses  the. : 
photometric  system  almost  exclusively  (12). 

Retinal  damage,  thresholds  are  characterized  generally  in  terms 
of  radiometric  units.  Kinsey  et.  al.  (IS)  uses  photometric  measurements 
of  the  visual  output  of  an  electric  welding  arc  to  indicate  the  amount 
of  ultraviolet  radiation  present.  This  method  is,  at  best,  dubious  and 
any  attempt  to  relate  these  measurements  to  a  physical  threshold  value  for 
flash  keratoconjunctivitis  is  equally  suspect.  The  only  apparent  worthwhile 
information  that  can  be  gleaned  from  this  work  of  Kinsey  is  that  the  thresh¬ 
old  for  onset  of  a  photaphthalmic  reaction  in  humans  is  about  one  half  that 
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of  rabbits  and  one  fourth  that  of  dogs. 

Indeed,  improper  use  of  radiometric  units  occurs  in  the  literature  also 
(10, Hi).  The  use  of  the  unit  erg-s sc/cz?  by  Duke-Elder  (lli)  and  repeated  in 
project  Agile  (10 )  when  referring  to  previous  work  can  cause  confusion.  In  one 
instance  the  unit  is  used  as  a  unit  of  power  and  in  a  second  case  it  is  used  as 
an  energy  unit. 

Mot  only  can  the  photometric  units  be  confusing  but  the  misuse  of  the  sim¬ 
pler  radiometric.'  ones  must  be  avoided. 

"To  summarize,  the  radiometric  unit  system  should  be  used  in  describing 
biophysical  phenomena  under  exposure  to  optical  radiation;  the  reasons  for 
this  are  as  follows: 

1.  The  units  are  fundamental  and  give  a  complete,  unambiguous 
description  of  the  radiation. 

2.  Correlation  between  incident  radiation  and  physical  observables 
such  as  temperature  changes,  are  cone  easily  wnen  the  radiation  characteristics 
are  given  in  radiometric  units. 

3.  Radiometric  measurements  are  not  limited  in  wavelength  as  are  photo¬ 
metric  units.  Radiation  beyond  the  visible  region  can  only  be  described  ir. 
radiometric  units. 

U.  A  comparison  of  physical  effects  initiated  by  various  sources  of 
radiation  (such  as  broad  band  Xenon  flashtube  radiation  ar.d  narrow  band  laser 
radiation)  can  be  done  more  readily  only  in  radiometric  units.  Other  factors 
such  as  the  relative  attenuation  by  ocular  media,  absorption,  scattering  and 
attenuation  must  be  considered. 

5.  Comparisons  or  relations  between  physiological  and  physical  effects 
cannot  be  done  by  photometric  descriptions.  Radiometry  must  be  used  since 
physical  effects  can  be  described  quantitatively  only  in  radiometric  -units. 
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6.  Gphthalmo logical  hazards  of  lasers  car.  os  described  by  both  ur.i 

sy scans  but  the  radiometric  is  to  be  preferred  since  a  few  nur.be rs  nay  be 
used  to  classify  hazard  levels  for  a  -.Jibe  variecy  of  laser  wavelengths, 
photometric  units  are  used,  individual  hazard  levels  must  be  specified  for 
each  wavelength. 

The  pro  bier,  of  whether  the  tire  for  reversible  visual  ir.pairr.ent  is 
a  function  of  the  wavelength  has  not  been  considered.  If  it  is  indepencen 
wavelength,  then  radiometric  units  will  adequately  describe  both  reversibl 
and  irreversible  impairment .  If  reversible  impairment  is  a  function  of 
wavelength,  then  a  curve  relating  reversible  ir.pairr.ent  to  wavelength  must 
be  considered  in  conjunction  with  the  radiometric  units. 
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Laser  Eye  Protection 

Recent  investigations  have  indicated  that  direct  viewing  of  both 
pulsed  and  C-W  lasers  can  result  in  either  reversible  or  irreversible 
disturbances  in  vision.  Protection  of  personnel  from  these  hazards  has 
been  the  subject  of  a  number  of  papers  (1,2,3, 4,5).  These  studies  have 
been  oriented  toward  protection  in  the  research  laboratory  and  industry, 
as  well  as  in  the  field. 

The  extensive  investigations  by  Ham  et  al.  (6, 7,8, 9)  on  threshold 
studies-  for  the  production  of  lesions  in  rabbit  fundi,  where  thresholds 
were  determined  by  ophthalmoloscopic  examination  after  irradiation  by 
carbon  are,  xenon  lamp,  or  pulsed  ruby  laser,  has  been  widely  used  as  a 
basis  for  estimation  of  the  safe  laser  dose  to  the  human  eye.  These 
studies  indicate  that  a  mild,  irreversible  retinal  lesion  was  ophthaimos-  / 
copically  visible  five  minutes  after  irradiation  by  a  ruby  laser  pulse  of 
200  nsec  duration  at  a  calculated  energy  density  of  0.7  Joules/cm2  at 
the  retina.  This  radiation  dose  is  approximately  the  same  as  that  required 
from  conventional  white  light  sources  (xenon  lamps  and  carbon  arcs)  for 
exposure  times  of  200  p.sec.  In  addition,  at  this  exposure  time,  the 
threshold  energy  density  showed  no  dependence  on  retinal  'image  diameter 
for  spots  ranging  from  1.05  am  to  0.54  mm  diameter  (8).  A  simple  thermal 
model  of  the  fundus  indicated  that,  for  exposures  of  200  usee  duration, 
very  little  energy  is  lost  due  Co  radial  heat  conduction  away  from  the 
irradiated  site  during  the  pulse(S). 

Straub  (1,2)  has  considered  several  methods  of  providing  protection 
for  the  human  eye  from  laser  radiation,  both  in  the  laboratory  and  in 
the  field.  He  has  suggested  that  warning  can  be  given  before  a  laser  is 
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fired  in  the  laboratory,  thus  giving  personnel  sufficient  time  to  close 
chair  eyes.  It  is  probable,  however,  chac  as  Che  power  and  energy  of  lasers 
increase  Che  human  eyelid  will  noc  provide  sufficienc  opacicy  co  procecc 
che  eye  from  direct  laser  radiation  or  even  scaccered  laser  radiation. 
Precautionary  measures  such  as  covering  che  eyes  with  che  forearm,  may 
provide  additional  procection.  Furcher  study  in  this  area  is  warranted. 

In  che  field,  where  friendly  and  enemy  lasers  may  be  continually 
operating,  warning  cannot  be  given  to  personnel.  This  situation  necessi¬ 
tates  devising  a  method  for  continuous  eye  procection.  Methods  considered 
by  Straub  include  che  automatic,  high  speed  shutter  triggered  by  che  arriv¬ 
ing  laser  pulse,  and  colored  absorpcion  filter  or  dielectric  reflection 
filters.  He  disqualifies  Kerr  cell  shutters  because  of  their  small  angle 
of  acceptance  and  low  optical  density  in  the  fully  closed  state.  Photo- 

cropic  filters  acting  as  optical  shutters  from  stimulus  in  the  far  red 
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with  an  appropriately  short  response  time  (10  sec)  and  sufficient  opacity 
were  noc  available  at  chat  time.  Such  devices  do  noc  appear  to  be  avail¬ 
able  in  che  literature  at  present. 

In  his  well  documented  studies,  Straub  considers  dielectric  reflectors 
or  colored  absorpcion  filters  as  better  possibilities  for  eye  protection  in 
the  field.  Dielectric  reflectors  are  rejected,  however,  due  to  the  angular 
dependence  of  effective  refleccance.  Straub  assumes  that  che  hazardous 
radiation  associated  with  ruby  lasers  lies  in  a  narrow  band  in  the  far  red. 
Thus  it  is  possible  that  colored  absorption  filters  can  be  constructed  so 
as  to  pass  near  red  and  visible  radiation  (to  allow  visual  observation  of 
monitoring  equipment,  etc.)  and  yet  protect  the  wearer  against  direct 
viewing  of  laser  light.  Such  filters  may  however  not  be  completely  sati¬ 
sfactory,  at  present,  for  a  number  of  reasons: 
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1.  The  source  o£  ocular  hazard  Co  personnel  does  not  necessarily  lie 
ac  che  inicial  laser  wavelength.  Incense  light  from  backscactered 
plumes,  as  veil  as  coherently  scattered  harmonic  frequencies  in 
che  visible  range,  is  a  distinct  hazard  to  the  wearer  of  such 

tt 

« 

glasses.  • 

2.  Under  field  conditions,  laser  frequencies  being  employed  by  che 
enemy  may  not  be  known.  Protective  glasses  with  fixed  abosrp- 
cion  bands  are  of  little  value  against  narrow  band  incident 
laser  light  of  unknown  frequency. 

o 

Using  Ham's  result  chat  an  energy  density  of  0.2  cal/cm  delivered  to 
a  rabbit  retina  in  175  jasec.  produces  a  mild,  irreversible  lesion,  observable 
three  to  five  minutes  after  exposure,  Straub  concludes  that  1.6  x  10“^  joules 
at  the  iris,  focused  to  a  diffraction  limited  spot  ac  the  retina  (2  x  10"6 
cm2  when  the  dark  adapted  iris  is  the  limiting  aperture)  is  the  least 
energy  required  to  produce  irreversible  retinal  damage.  Whether  diffrac¬ 
tion  limited  spot  size  is  justifiable  merits  further  consideration.  A 
statistical  approach  to  che  problem  of  irreversible  threshold  damage  may 
be  necessary.  One  problem  associated  with  a  consideration  of  a  diffraction 
limited  spot  size  is  that  Che  extrapolation  of  the  data  of  Ham  ec  al.  to  one 
diffraction  limited  may  not  be  justifiable.  Radial  heat  conduction  away 
from  the  irradiated  site  may  occur  and  must  be  taken  into  account  for  a 
diffraction  limited  spot  size.  It  is  possible  that  the  assumption  of  a 
diffraction  limited  spot  may  not  represent  the  situation  where- the  total 
energy  required  to  produce  irreversible  damage  to  the  retina  is  a  minimum. 

An  irreversible  lesion  of  a  diffraction  limited  spot  size  may  not  be  the 
most  disabling. 
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According  Co  Ham  ec  al.  (10),  heac  dissipacion  by  conduction  ac  the 
inage  borders  will  have  an  appreciable  effect  on  the  temperature  ac  the 
center  of  a  20  micron  diameter  spot  at  the  retina,  in  approximately 
180  p.sec.  Straub's  extrapolation  to  a  16n  diffraction  limited  spoc  dia- 
cecer  may  therefore,  be  acceptable  for  shorter  laser  pulserdurations. 

However,  experimental  verification  of  this  model  for  a  diffraction  limit  spoc 
is  desirable. 

If  it  is  assumed  that  the  diameter  of  a  perfectly  collimated  laser 
beam  is  larger  than  the  pupillary  aperture  of  the  eyes,  then  the  diffrac¬ 
tion  limit  of  the  retinal  spot  will  be  determined  by  the  pupil  diamecer  D„. 
Since  the  diffraction  limited  spot  uiamecer  is  then  given  by 

H  -  2F_ 

DP 

where  H  ■  Diameter  of  retinal  image  spoc 
F  =■  Focal  length  of  the  eye 

■  Wavelength  of  incident  radiation 
Dp  -  Pupil  diameter 

It  is  apparent  that,  for  a  given  focal  length  (given  eye  accomodation), 
the  diamecer  of  the  image  spoc  ac  the  recina  will  be  a  minimum  when  Do  is 
a  maximum  (i.e.  when  the  eye  is  completely  dark-adapted).  It  should  be 
noted  chat  a  perfectly  collimated  incident  beam  will  be  focused  at  the 
recina  only  when  the  eye  is  accomodated  for  viewing  a  distant  objecc. 

For  any  other  accomodations,  the  retinal  image  from  a  collimated  beam  will 
be  larger  chan  the  diffraction  limit. 
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The  minimum  energy  required  to  produce  irreversible  retinal  damage 
occurs  for  a  diffraction  limited  focal  spot  and  maximum  pupil  diameter. 
Straub  has  then  chosen  the  case  necessary  to  produce  an  irreversible 
lesion  for  175  usee  pulsed  lasers  operating  in  the  far  red.  where  the 
ocular  transmission  to  the  retina  is  almost  10QZ  (11).  If  one  considers 
longer  pulse  lengths,  and/or  a  spot  size  larger  than  the  diffraction 
limit,  the  least  energy  at  the  pupil  required  to  produce  threshold  ir¬ 
reversible  damage  to  the  retina  occurs  for  the  smaller  spot  sizes  (8). 

Swops  and  Koester  (4)  have  published  calculations  of  the  attenuation 
required  to  protect  the  human  eye  against  pulsed  laser  radiation.  These 
calculations  are  based  on  published  data  (5,6)  on  threshold  dosage  for  an 
observable  retinal  lesion  in  rabbits,  and  data  concerning  human  (in. vitro) 
ocular  transmission  characteristics.  The  threshold  energy  theoretically 
required  to  produce  a  retinal  lesion  in  the  human,  eye  is  determined  for 
both  ruby  and  Nd-glass  lasers  with  a  given  beam  divergence.  One  of  the 
assumptions  on  which  the  studies  by  Swope  and  Koester  (as  well  as  that 
of  many  others)  are  based,  is  that  human  retinal  damage  will  occur  at 
the  same  power  densities  as  that  required  to  damage  a  rabbit  recina. 

They  conclude  that  a  pulsed  ruby  laser  with  a  beam  divergence  of  1/2° 
will  produce  irreversible  retinal  damage  to  the  rabbit  (and  hence  human) 
when  the  entire  beam  eaters  the  eye  with  an  energy  of  10”*  joules.  This 
result  is  a  factor  of  100  greater  than  that  obtained  by  Straub  for  dif- 
faction  limited  retinal  images  produced  by  a  collimated  beam. 

Suitable  eye  attenuators  are  discussed  (Swope  and  Koester).  They 
conclude  that  a  combination  of  3G-18  and  BG-38  glass,  each  2  tan  thick, 
provides  the  best  eye  protection  with  minimal  hazard  due  to  crazing  of 
the  glass.  A  nomograph  is  then  devised  whereby  a  "Safe  Laser  Output" 
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is  determined  for  personnel  wearing  SG-18  and  3G-38  combination  safecy 

glasses.  The  nomograph  is  based  on  the  assumptions  chat:  1).  a  suitable 

safecy  factor  can  be  established  so  chat  the  threshold  energy  for  retinal 

damage  to  the  rabbit  can  be  correlated  to  che  human  eye;  2)  all  light  from 

the  laser  enters  che  eye;  3)  che  area  of  the  illuminated  retinal  spot 
2 

depends  only  on  9  ,  where  9  is  che  beam  divergence  as  it  enters  the  eye, 
when  Che  eye  is  focused  at  infinity. 

Adequate  daca  is  required  as  to  che  correlation  becween  the  human  ana 
rabbic  eye.  The  importance  of  physiologic  and  anatomic  differences  between 
che  rabbit  and  human  eye  must  be  considered.  It  is,  therefore,  difficult 
to  assign  a  definitive  value  to  threshold  lesion  daca  taken  from  studies 
on  various  rabbits. 

The  assumption  chat  the  illuminaced  retinal  spot  diameter  depends  only 
on  the  beam  divergence  angle  whan  all  light  enters  che  eye,  is  true  only 
under  certain  conditions.  In  addition,  if  the  eye  is  a  distance  L  from 
a  laser  aperture  of  diameter  d  and  if  the  focal  length  of  the  eye  is  F, 
chen: 

d 

(a)  When  L  -  (F  +  9  )  >  0  the  minimum  spot  lies  in  che  image 

plane  of  che  eye  (recina) 
d 

(b)  When  L-(F+9)=Q  the  beam  diverges  within  Che  eye 

d 

(c)  When  L  -  (F  +  9  )<0  che  minimum  spot  lies  in  the  focal  plane 

It  is  important  to  realize  chat  retinal  spoc  diameter  depends  on  eye 
focus.  The  assumption  that  the  eye  is  focused  at  infinity  only  gives  a 
minimum  spoc  diameter  at  che  recina  in  case  (c)  (and  the  diffraction 
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limited  case).  If  the  eye  is  focused  as  infinity  in  case  (a),  the  minimum 
spot  will  lie  behind  the  retina.  If,  however,  the  eye  is  focused  at  the 
laser  aperture  in  case  (a),  the  minimum  spot  will  lie  on  the  retina.  There¬ 
fore,  in  case  (a),  a  "safe  laser  output  energy"  that  is  calculated  for  the 
eye  focused  at  infinity  will  no  longer  be  safe  if  the  eye  is  focused  upon 
the  laser  aperture. 

In  summary,  parameters,  such  as  laser  aperture,  eye-co-laser  distance, 
eye  focal  length,  as  well  as  beam  divergence,  must  be  considered  in  a 
theoretical  model  for  damage  to  the  human  retina.  Damage  to  ocher  chan 
the  retina  must  also  be  considered,  particularly  as  ocher  wavelengths 
become  available. 

Although  many  of  the  factors  associated  with  protective  glasses, 
particularly  BG-18  and  BG-38,  have  been  extensively  studied  by  Straub 
(1,2)  and  by  Swope  and  Koester  (4),  further  investigation  is  necessary, 
particularly  as  power  and  energy  density  levels,  and  ocher  wavelengths 
become  available. 
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Few  scudies  have  been  reported  on  laser  dosimetry.  Fine  et  al.  (1) 
have  discussed  the  difficulties  involved  with  laser  dosimetry  from  both  a 
physical  and  biological  standpoint.  Schlickman  and  Kingston,  and  Schlickman 
and  Diffley  have  reported  the  development  of  a  pulsed  laser  dosimeter  for 
ocular  hazards  measurements  (2,3). 

The  Schlickman  -  Kingston  dosimeter  utilizes  a  modified  gamma-radiation 
dosimeter  as  a  high- impedance  voltmeter.  The  instrument  is  calibrated  with  a 
steady  state  light  source  and  an  optical  spike  filter  so  as  to  read  full  scale 
when  an  energy  density  believed  to  be  capable  of  causing  retinal  damage  to  the 
human  eye  enters  the  instrument  at  a  specified  wavelength. 

The  instrument  is  used  in  the  following  manner.  A  laser  target  is 
selected  and  the  diameter  of  the  area  to  be  irradiated  on  the  targec  is 
determined  by  first  irradiating  a  piece  of  carbon  paper  or  exposed  Polaroid 
film.  The  distance  from  the  target  to  the  anticipated  position  of  the  eye 
of  an  observer  is  measured.  The  aperture  of  the  dosimeter  is  adjusted  from 
a  chart  (which  appears  in  the  article)  to  yield  a  full  scale  deflection  for 
a  hazardous  radiation  dose.  Schlickman  and  Kingston  point  out  that  the  target 
area  is  then  illuminated  by  an  incauiescent  source  and  the  scattered  light 
focused  to  a  sharp  image  (by  means  of .a  viewing  system  attached  to  the  dosi¬ 
meter  which  they  describe)  on  a  diffusing  plate  that  lies  at  the  entrance  to 
a  phototube  within  the  dosimeter.  The  laser  is  then  fired  at  the  'target  and 
a  reading  taken  on  the  dosimeter.  A  reading  of  1/10  scale  is  assumed  to 
indicate  unsafe  viewing  of  the  laser  impact  by  the  unprotected  eye. 


The  authors  explain  that  the  instruments  dynamic  range  encompasses  all 

o 

known,  non-Q-switched  lasers  operating  in  the  6,000  to  10,000  A  range.  Pro¬ 
visions  have  not  been  made  for  work  with  Q-switched  lasers.  This  is  due  to 
design  difficulties  and  the  lack  of  quantitative  biological  data  regarding 
such  lasers.  The  dosimeter  will  accurately  respond  to  laser  pulses  of  ac 
lease  25  iisec  duration  composed  of  triangular  spikes  ac  lease  400  iisec  wide 
at  the  base  with  approximately  a  1  p.sec  delay  between  the  end  of  one  spike 
and  e'ne  beginning  of  the  next. 

To  see  the  level  of  "safe"  radiation  exposure  for  the  human  eye, 
Schlickman  and  Kingston  have  incorporated  the  threshold  data  of  Ham  and 
Geeraets  (4).  Schlickman  and  Kingston  have  used  a  safety  factor  of  10,  in 
correlating  this  data  with  the  hazardous  radiation  dose  to  the  human  eye. 
However,  due  to  the  lack  of  quantitative,  _in  vivo  data  for  correlation  of  the 
physical  and  physiological  characteristics  of  various  strains  of  rabbit  and 
human  eyes  this  safety  factor  requires  further  consideration. 

The  general  effectiveness  of  single  pulse  laser  dosimecry  is 
doubtful  under  normal  laboratory  conditions.  Basic  to  the  work  of  Schlickman 
and  Kingston  is  the  assumption  that,  if  a  dosimeter  reading  in  the  field  of 
scattered  laser  light  indicates  a  safe  level  for  a  given  laser  burst,  then  a 
second  laser  burst  ac  a  similar  target  will  also  produce  scattered  lighc  ac 
a  safe  level.  The  dosimeter  cannot  measure  the  level  of  either  direct  or 
scattered  laser  radiation  reaching  the  eyes  of  laboratory  personnel  during 
a  specific  laser  pulse.  Safe  radiation  levels  can  only  be  inferred  from 
dosimeter  measurements  chat  are  made  prior  to  the  exposure  of  personnel  to 
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scattered  (or  direcc)  laser  radiation.  There  are  many  inscances  where  Che 
cargec  surface  co  be  irradiated  is  not  the  same  from  shot  to  shot  (eg.  bio¬ 
logical  targets).  Changes  in  cargec  surface  will  change  the  patterns  of 
scaccered  light  intensity  and  thus  reduce  confidence  in  predicting  scaccered 
light  intensity  at  a  specific  location  in  the  laboratory  for  subsequent  laser 
pulses.  With  many  pulsed  lasers,  outpuc  power  density  Is  not  easily  reproduced 
from  pulse  co  pulse  and  should  be  considered  as  a  factor  in  evaluating  a  single 
pulse  laser  dosimeter. 

The  Schlickman-Kingston  dosimecer  is  equipped  with  an  adjustable  iris 
that  reduces  the  total  radiative  energy  entering  the  dosimeter  for  scattering 
conditions  chat  will  produce  a  spot  on  the  retina  that  is  larger  chan  the 
diffraction  limit  of  the  eye.  Further  data  and  a  theoretical  model  of  the  eye 
would  be  desirable  to  explain  the  curves  shown  in  the  article.  A  more  complece 
theoretical  treatment  of  the  focusing  of  specularly  scattered  light  by  the  human 
eye  would  be  of  inceresc. 

In  view  of  radial  heat  conduction  within  the  pigment  epichelium,  the 
retinal  spot  diameter  as  well  as  area  is  an  important  parameter  for  certain 
laser  pulse  durations  (5).  Using  xenon  sources.  Ham  et  al.  (6)  have  shown  that 
for  pulses  from  approximately  100  nsec  to  1  msec  duration,  radial  heat  conduc¬ 
tion  is  relatively  unimportant  even  for  diffraction  limited  spots  on  the  retina. 
Hence,  for  pulsed  lasers  operating  in  the  175  nsec  -  1  msec  range,  one  can 
consider  the  threshold  energy  required  to  permanently  damage  the  retina  aa 
being  a  function  of  only  the  retinal  spot  area.  This  being  the  case,  it 
becomes  important  co  know  the  area  of  the  human  retina  that  is  actually  ir¬ 
radiated  by  scattered  jlighx  .frojn  a  target  surface. 
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A  factor  of  importance  with  respect  to  the  Schlickman-Kingston  dosimeter 
is  that  it  is  only  calibrated  over  a  narrow  band  near  a  desired  laser  wave¬ 
length.  There  is  no  reason  to  assume  that  all  the  hazardous  scattered  radi¬ 
ation  will  be  confined  to  that  frequency  band.  Brilliant,  broad  band  plasmas 
have  been  observed  on  laser  radiation  of  both  physical  and  biological  targets 
(7,3).  These  plasmas  are  generally  small  and  may  be  focused  to  a  small  image 
on  the  retina  of  an  observer.  The  S-l  response  of  the  Schlickman-Kingston 
dosimeter  is  relatively  insensitive  in  the  blue-green  spectral  regions,  the 
response  at  5000  S  being  207.  of  maximum.  The  biological  effects  of  viewing 
laser  generated  plasmas  has  not  been  investigated  and  should  be  considered 
as  a  poua..cial  hazard.  Scattered  light  may  also  contain  frequency  doubled 
components.  An  S-l  dosimeter  response  will  not  yield  reliable  data  for 
frequency  doubled  ruby  or  neodymium  laser  radiation. 

The  problem  of  monitoring  laser  radiation  levels  to  determine  safe 
conditions  for  personnel  involves  measuring  several  parameters.  Power,  power 
density,  energy,  wavelength,  and  anatomical  site  involved  in  laser  inter¬ 
action  are  some  of  the  parameters  that  must  be  measured  before  a  specific 
biological  reaction  to  laser  impact  can  be  predicted.  There  is  no  single 
parameter  that  can  be  assigned  to  laser  output  that  will  also  yield  sufficient 
biological  information  to  ascertain  possible  hazards.  "Radiation  dose"  i3  a 
phrase  that  must  be  broad  enough  to  include  all  parameters  necessary  to  com¬ 
pletely  describe  a  specific  biological  reaction  to  a  laser  radiation  field. 

From  the  standpoint  of  instrumentation,  it  will  be  difficult  to  develop 
a  simple  monitoring  dosimeter  that  can  measure  a  sufficient  number  of  physical 
and  biological  parameters  to  completely  characterize  the  laser  Interaction. 
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Dosimecry  for  radiation  from  discretely  pulsed  lasers  is  difficult  due  to 
variations  in  scattering,  power  output,  beam  heterogeneity,  location  of  person¬ 
nel  and  ocher  biological  and  physical  parameters  from  shot  to  shot.  Extrapo¬ 
lation  of  data  obtained  from  one  laser  pulse  to  the  next  is  difficult.  Pine 
ec  al.  (1)  have  pointed  out  that  if  adequate  instrumentation  can  be  developed 
two  types  of  dosimetry  are  desirable.  First,  instantaneous  detection  of 
unsafe  conditions  may  be  used  for  protection.  Second,  cummulacive  exposure 
measurements  may  be  important  for  medico- legal  records. 
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Polarization  of  Lasers  -  Effects  on  Energy  Measurements 


In  most  energy  measurements  of  laser  radiation,  the  output  intensity 

is  often  sampled  by  a  low  raslaesanee  beam  splitter.  TRio  procedure  is 

usually  followed  when  it  is  desired  to  monitor  the  laser  energy  during 

each  pulse  or  when  the  full  laser  energy  would  destroy  the  monitor. 

Generally  che  beam  splitter  has  been  placed  at  a  45°  angle  to  the  optical 

axis,  reflecting  a  small  fraction  of  the  light  to  an  energy  measuring 

device  while  most  of  the  beam  is  transmitted  to  the  target.  The  angle  of 
o 

45  has  been  chosen,  since  it  permits  placement  of  the  energy  measurement 
device  at  90°  to  the  beam  axis.  This  procedure  is  common  in  bio-physical 
laser  research,  where  various  beam  splitters  are  used  (1,2). 

Thera  is  a  very  important  factor  chat  is  not  usually  considered  in 
escimacing  che  reflectance  of  the  beam  splitter.  Depending  or.  che  angle 
at  which  the  beam  splitter  is  set,  che  polarization  properties  of  the 
laser  beam  can  be  responsible  for  errors  in  excess  of  1007.  of  the  calcu¬ 
lated  reflectance.  In  this  section  the  source  of  these  errors  and  a 
method  for  minimizing  them  will  be  shown.  For  the  sake  of  brevity  only 
single  surface  reflections  will  be  considered. 

Most  optical  phenomena  can  be  described  in  terms  of  electromagnetic 
theory.  In  the  wave  model  of  light,  a  light  beam  is  considered  as  a 
transverse  wave  with  perpendicular  electric  (2)  and  magnetic  (H)  field 
vectors.  The  simplest  type  of  electromagnetic  wave  is  one  that  can  be 
expressed  in  terms  of  a  sine  or  cosine  function.  For  example,  using  the 
cartesian  coordinate  system,  an  electromagnetic  wave  traveling  in  the 
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posicive  x  direction  could  have  its  electric  field  vector  in  the  y 
direction. in  which  case: 


end 


where 


cos  (wc-kx) 


Hz  cos  (uc-kx) 


and 
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f  =»  frequency,  and  X  *  wavelength 
A  wave  which  maintains  this  orientation  is  said  to  be  plane  polarized  or 
linearly  polarized.  Indeed,  any  light  wave  in  which  the  electric  (and 
thus  the  magnetic)  field  vector  maintains  a  constant  orientation  is  said 
to  be  plane  polarized.  Mast  optical  radiation  is  unpolarized,  chat  is 
the  individual  wave  trains  have  their  electric  field  vectors  oriented  in 
a  random  fashion,  giving  the  overall  efface  of  having  every  possible  linear 
polarizations  at  once. 


Linear  polarization  can  be  selected  fros  unpolarized  light  by 
passing  the  unpolarized  bean  through  a  polarizer.  Unpolarized  light  can 
be  theoretically  considered  as  consisting  of  two  mutually  perpendicular 
polarizations,  this  is  because,  once  an  orientation  is  chosen,  ail  the 
other  vectors  can  be  decomposed  in  the  ordinary  fashion  into  two 
mutually  perpendicular  components.  Unpolarized  light  may  be  represented 


by  cvo  orthogonal  vectors  depicting  the  electric  vector  orientations  as 
shown  in  Figure  1. 

A  polarizer  selects  one  polarization.  It  two  polarizers  are  set  to 
accaoc  perpendicular  polarizations ,  then  their  combined  action  on  a  beam 
is  to  pass  nothing  at  all,  as  is  shown  in  Figure  II. 

Many  practical  polarizing  devices  are  cade  from  crystals  which 
naturally  have  the  physical  properties  of  birefringence  or  double  refraction. 
Many  other  materials  exhibit  birefringence  when  placed  under  mechanical 
stress  for  example  polaroid  plastic,  or  under  electrical  stress,  for 
example  che  Kerr  effect,  or  under  magnetic  stress,  for  example  the  Voigt 
effect. 

The  ruby  used  in  ruby  lasers  is  naturally  birefringenc  and  the  out¬ 
put  of  ruby  lasers  has  been  shown  to  have  a  varied  polarization  (3,8) 

Most  gas  lasers  operate  with  a  linearily  polarized  output  due  to  the 
design  of  the  discharge  tube  (the  3rewstar  angle  windows  will  be  commenced 
on  further  in  this  section).  Polarized  outputs  have  been  observed  in 
gas  lasers  without  3rewster  angle  windows  however.  This  fact  may  be  due 
to  a  mechanical  stress  birefringence  in  the  glass  itself  or  induced 
magnetic  birefringence  (4,5).  The  output  of  Neodymium  in  glass  may  have 
various  polarization  properties.  However,  studies  do  not  appear  to  have 
beer,  carried  out  in  any  detail  in  this  area.  A  review  of  the  contradictory 
observations  on  the  polarization  of  light  emitted  from  GaAs  laser  diodes 
has  been  carried  out  by  Nannichi  (9).  His  study  also  showed  that  the 
polarizations  of  the  GaAs  laser  radiation  shifted  its  orientation  as  a 
function  of  current.  No  cause  of  the  polarization  was  found  (9). 


cser  polarization  is  the 


The  major  point  to  emphasize  concerning  1 
fact  that  those  lasers  which  have  been  investigated  are  polarized  to 
various  extents.  The  polarization  in  ruby  not  only  changes  free  shot  to 
shot,  but  even  varies  during  a  single  shot  (3).  There  is  almost  no 
information  on  the  Neodymium  laser,  but  there  is  no  a.  priori  reason  to 
expect  uniformly  oriented  polarization  while  the  possiblities  of  rancors 
polarization  may  exist  (d,5).  The  following  analysis  thus  directly 
applies  to  ruby  lasers  and  may  well  ba  significant  for  the  case  of 
Neodymium  in  glass. 

The  basic  optical  law  of  refraction,  Snell's  law  states  that  if  a 
light  beam  is  ir.cicar..  at  the  interface  carreer,  two  media  at  an  angle  9 
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However,  not  all  the  light  is  transmitted  into  the  second  region, 
soma  is  reflected  at  the  interface  at  an  angle  equal  to  the  angle  of 
incidence,  Figure  III. 

The  Fresnel  laws  of  reflection  give  the  reflection  and  transmission 
coefficients  for  the  various  beams  depending  on  their  polarization.  Any 
beam  striking  the  surface  can  be  either  linearly  polarized,  with  its 
electric  vector  perpendicular  to  the  plane  of  incidence  or  parallel  to 
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che  plane  of  incidence  (see  Figure  III),  or  unpolarized  and  representable 
as  a  linear  combination  of  the  two  linear  polarizations  (elliptical  and 
circular  polarization  must  also  be  considered). 


The  reflectances  are  a  function  of  the  angle  of  incidence  and  the 
angle  of  refraction  and  nay  be  written  as  (7):  * 


tan  (9  -  9  ) 
tan^  (8  +  9  ) 


sin  (Q  -  9  ) 
sin^  (3  t  S  ) 


where  the  subscripts: 


?  »  parallel  polarization 

s  »  perpendicular  polarization 

l 

and  where  the  angle  of  refraction,  d  ,  must  be  calculated  from  Snell's  law. 

Ordinarily,  the  reflection  coefficient  of  a  surface  is  calculated  for 
unpolarized  light  in  which  case  the  average  of  the  wo  polarized  reflectances 
is  used  (5).  The  average  reflection  coefficient  is  Witten  as 


rav  =  2  (r?  *  rs> 

Figure  17  is  a  graph  showing  the  three  reflection  coefficients  for 
air  to  glass,  (high  dispersion  crown  at  6560  S) ,  n  =  1,  n*  =  1.517  as  a 
function  of  angle  of  incidence.  It  should  be  noted  that  at  56.58°  the 
reflectance  of  the  parallel  component  goes  to  zero.  This  is  the  Brewster 
angle.  At  this  angle  the  parallel  polarization  is  transmitted  with  no 
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reflection  loss.  In  gas  lasers  the  use  of  windows  sec  at  the  2rewster 
angle  causes  the  parallel  polarization  to  be  favored  in  the  amplification 
process . 


The  reflection  coefficient  for  either  polarization  depends  on  the 
angle  of  incidence  and  the  ratio  of  the  indices  of  refraction  between  the 
two  media.  If  an  air-glass  (or  quartz)  interface  is  assumed,  the  variation 
of  reflectance  for  9  =  0°,  as  a  function  of  refractive  index,  can  be  specified 

in  terms  of  the  refractive  index  of  the  glass  (air  is  assumed  to  have 
an  index  of  one).  This  dapander.ee  is  shown  in  Figure  V.  This  curve  is 
calculated  from  the  rafractiva  ir.uices  of  crcwr.  and  flint  glass  and 
quartz  for  various  wavelengths  (i).  Thus  the  rafractive  index  of  a  given 
beam  splitter,  hence  the  reflection  coefficient,  is  a  function  of  the 
macerial  used  and  the  wavelength  of  the  laser  beam. 

Figure  VI  shows  the  error  that  can  exisc  cue  to  beam  polarization  if 
the  average  reflection  coefficient  is  the  value  specified.  Tha  error  is 
plotted  as  a  function  of  angle  of  incidence.  At  do0,  the  most  commonly 
used  beamsplitter  angle,  the  error  due  to  perpendicular  polarization  is 
about  -5%  ana  that  due  to  the  parallel  polarization  has  a  value  of  -.70%. 

It  is  reasonable  to  conclude  that  if  the  average  reflectance  coefficient 
for  a  beam  splitter  is  used,  than  the  energy  of  a  laser  beam  with  varying 
polarization  cannot  be  measured  accurately  by  the  beamsplitter  technique, 
as  ordinarily  used. 


As  an  example,  consider  a  single  surface  beam  splitter  (n1  »  1.517) 

sec  ac  an  angle  of  45°  co  che  beam  axis  (9  a  45°).  The  average  reflection 
coefficient  is  5.3Z.  The  reflection  coefficient  for  parallel  polarization 
is  1Z  while  that  for  perpendicular  polarization  is  9.3Z.  A  one  thousand 
joule,  parallel  polarized  laser  beam  would  be  diagnosed  as  having  an  energy 
of  about  200  joules  if  the  average  reflection  coefficient  were  used. 
Similarly  a  reflected  energy  of  5  joules  could  be  interpreted  as  95  joules, 
55  joules  or  500  joules  according  to  whether  the  average,  perpendicular  or 
parallel  reflectance  coefficient  wars  used. 

It  is,  thus,  most  important  that  che  polarization  properties  of  che 
laser  beaa  be  taker,  into  account  when  reflection  dependent  beam  sampling 
methods  are  used.  A  beaa  splicter  sec  at  45°  can  produce  large  errors  in 
energy  measurement.  Since  che  polarization  properties  of  lasers  are  not 
widely  explored,  they  must  be  considered  as  probable  end  of  random 
orientation  in  the  design  of  beam  splitters. 

A  simple  manner  to  overcome  the  amb.guity  presented  by  various  beam 

polarization  properties  is  to  use  a  low  angle  of  incidence  beaa  splicter. 

As  can  be  seen  from  Figure  VI  by  setting  che  beam  splicter  at  an  angle  of 
o 

10  ,  the  error  introduced  by  beam  polarization  is  less  than  57..  This 
angular  setting  is  recommended  end  should  be  followed  unless  some  other 
'cachr.ique  of  eliminating  this  source  of  error  is  found. 

Cue  to  the  time  factor  involved  these  results  must  be  viewed  as 

highly  preliminary.  Further  consideration  must  be  given  to  che  problem. 

The  increased  complexity  due  to  reflections  from  both  the  first  and  second 

surfaces  must  be  considered  in  detail.  Experimental  verification  of  che 
conclusions  determined  analytically  must  be  carried  out. 
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Instruments  available  for  measuring  the  output  of  lasers  fall  ingo 
four  primary  categories: 

1.  Those  which  convert  the  output  to  heat  and  measure  the  temperature 
change  of  an  absorber. 

2.  Those  which  sample  the  output  beam  directly,  as  in  photodiodes. 

3.  Those  which  convert  the  output  to  mechanical  energy. 

4.  Those  which  convert  the  output  to  chemical  energy. 

This  section  is  concerned  with  the  first  two  categories  since  these 
are  the  most  usual  methods  employed  ir.  commercial  calorimeters.  Some 
general  remarks,  however,  apply  to  all  classes  of  laser  radiation  detectors. 

Whenever  radiation  is  incident  on  matter,  there  is  a  reflection  which 
is  dependent  both  on  the  parameters  of.  the  radiation,  Including  wavelength 
and  polarization,  and  on  the  characteristics  of  the  reflecting  medium, 
such  as  surface  texture  and  the  reflecting  properties  as  a  function  of 
wavelength.  In  general,  the  polarization  of  a  laser  beam  is  not  well 
defined  (1).  Consequently  it  is  difficult  fo  predict  the  properties  of 
the  reflected  radiation.  Hence  the  transmitted  radiation  cannot  be  accurately 
characterized.  Furthermore,  there  is  no  evidence  that  the  parameters  of 
a  laser  beam,  such  as  polarization  and  beam  homogeneity,  are  constant  from 
pulse  to  pulse  or  during  any  given  pulse. 

In  devices,  which  transform  the  output  to  heat  (thermal  energy),  the 
sensing  device  is  usually  an  easily  calibrated  heat\sensor.  This  sensor 
is  in  contact  with  a  medium  Which  is  heated  by  the  Incident  radiation  it 
absorbs.  The  temperature  riee  is  related  to  the  absorbed,  energy  by  a 


response  curve  which  is  accurate  only  for  specific  values  of  absorption, 
reflection,  temperature  distribution  within  the  receiver,  and  in  some 
cases  ambient  or  reference  temperature.  These  and  some  other  parameters 
will  be  discussed  below. 

In  most  of  the  devices  which  transform  the  incident  energy  to  heat 
there  are  two  components;  the  energy  absorber,  and  a  temperature  sensor 
(2, 3, 5, 6).  The  energy  absorber  is  generally  a  device  employing  the 
Mendenhall  Wedge  Effect.  Briefly  the  Mendenhall  Wedge  Effect  is  the 
production  of  many  reflections  in  a  wedge  or  cone  shaped  enclosure  of 
specified  absorptivity  (Fig.  1).  The  absorptivity  of  a  medium  is  the 
fraction  of  incident  radiation  absorbed  by  that  medium.  The  incident 
energy  is  strongly  attenuated  within  a  cavity  employing  this  effect.  If 
the  end  is  not  sharply  pointed,  fewer  reflections  take  place,  and  conse¬ 
quently  less  energy  is  absorbed  (Fig.  2). 

Usually  a  small  angle  cone  is  employed  as  the  cavity-.  Daly  (2)  has 
calculated  greater  than  957.  absorption  due  to  15  reflections  of  the 
radiation  in  a  12  degree  cone,  with  light  incident  on  the  cone  aperture 
parallel  to  the  axis,  and  with  the  cone  having  a  specular  reflectivity 
of  the  order  of  30%.  His  data  does  not  include  the  cases  of  either  non¬ 
parallel  light  entering  the  cone,  nor  the  cone  being  a  diffuse,  rather 
than  polished,  reflector. 

Sisenaan  e£  a_l  (3)  have  reported  greater  than  95%  absorption  in  the 
infrared  by  using  blackened  cones.  Their  experiment  was  done  by  using  the 
two  extreme  cases  of  parallel  light  entering  the  cone,  and  a  point  source 
of  light  situated  on  the  axis  of  the  cone.  Their  cone  was  assumed  to  be 

l 

a  perfect  specular  reflector,  and  they  therefore  do  not  consider  the  case 
of  a  diffuse  reflector.  Gouffe  (4}  -and  others  have  analyzed  the  effective 


absorptive  cavity  of  a  conical  receiver  which  has  a  perfectly  diffusing 
reflecting  wall  and  in  which  the  incident  energy  enters  as  a  collimated 
beam  parallel  to  the  cone  axis.  Although  this  may  be  an  important  theor- 
etical  case,  ic  is  usually  not  employed  in  practice,  since  the  coatings 
generally  employed  to  increase  absorptivity,  such  as  carbon,  tend  to  cause 
specular  rather  chan  diffuse  reflections.  Therefore  this  paper  will  not 
consider  that  case.  In  a  consideration  of  the  case  of  a  point  source 
situated  on  the  axis  of  the  cone,  the  calculations  carried  out  by 
Eisenman  ££  al  (3)  are  useful  to  investigators  who  focus  the  laser  beam 
into  the  cone  or  who  use  diverging  beams.  However,  the  case  of  a  beam 
focused  so  chat  the  focal  point  lies  beyond  the  point  of  the  cone  is  not 
discussed. 

In  devices  described  by  Ackerman  (5)  and  by  Dimeff  and  Neel  (6)  the 
problem  of  manufacture  and  maintenance  of  sharply  pointed  cones  is  circum¬ 
vented  by  the  use  of  stacks  of  razor  blades,  which  also  employ  the 
Mendenhall  Wedge  Effect.  However,  a  problem  arises  which  is  due  to  the 
dependance  of  the  reflection  coefficient  on  the  polarization  of  the 
incident  radiation. 

All  conductors  have  a  complex  index  of  refraction  (21).  The  imaginary 
component  of  this  number  acts  as  an  absorption  term,  but,  since  it  s  an 
imaginary  number,  it  tends  to  change  the  phase  of  the  light  which  it  affects. 
Since  it  was  seen  in  the  section  on  polarization  of  laser  beams  that  the 
components  of  light  with  different  polarizations  will  in  general  have 
different  reflection  coefficients,  it  follows  that  these  differing  components 
will  also  have  their  phases  changed  by  differing  amounts.  This  implies 
that  if  light  is  assumed  to  be  plane  polarized  when  incident  on  a  conducting 


reflector,  it  will  in  general  become  ellipcically  polarized  after  reflection 

t 

(22).  Any  further  reflection  will  then  change  the  polarization  again,  etc. 

Now  a  receiver  with  circular  cross  section,  such  as  a  cone,  will 
present  a  normal  to  the  surface  in  all  directions.  Hence  it  will  average 
the  polarization  of  the  beam  within  the  cone  at  each  reflection,  making 
the  coefficient  of  reflection  independent  of  polarization.  The  coefficient 
will  be  the  same  for  each  reflection. 

Receivers  which  do  not  present  circular  cross  sections  will  not 
perform  this  averaging.  Hence  each  reflection  with  a  given  wedge  will 
have  a  different  coefficient  which  depends  on  the  state  of  polarization 
of  the  beam  which  is  altered  by  each  of  the  previous  reflections.  It 
is  then  difficult  to  predict  the  total  attenuation  of  the  beam  within 
each  wedge  formed  by  receivers  such  as  a  razor  blade  stack. 

All  studies  of  the  absorption  by  the  walls  of  a  receiver  assume  that 
those  walls  are  smooth.  In  many  commercial  instruments,  however,  the 
cones  are  produced  by  welding,  riveting,  butting,  or  otherwise  mechanically 
joining  a  sheet  of  metal  to  form  the  cone.  The  sice  of  the  joinc  will  be 
a  perturbation  on/ the  reflectivity  of  the  cone  and  should  be  taken  into 
account  in  calibrating  che  instrument.  In  addition,  the  surface  of  most 
metals  is  altered  in  time  by  oxidation  or  contamination,  which  will  affect 
the  reflectivity.  Stainless  steel  razor  blades  appear  to  have  advantages 
over  cones  in  terms  of  design  simplicity  and  surface  resistance  to 
chemical  and  physical  damage. 
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Ocher  devices,  such  as  che  Wescinghouse  radiotsecer  RN-1,  measure  che 
change  in  resiscivity  of  a  mecal  wire  as  ic  is  heated.  The  incident  energy 
is  thus  determined.  The  mechod  is  acceptable,  provided  the  temperature  of 
the  wire  at  all  times  exceeds  the  Debye  temperature  of  the  mecal  used  in  the 
wire.  For  copper  the  Debye  temperature  is  42°C,  or  108°  F  (7).  Above  this 
temperature  the  resistivity  of  metals  increases  linearly  with  temperature 
(8).  The  wire  can  then  be  considered  as  many  small  segments  connected  in 
series,  each  with  its  own  resistance  dependent  on  the  temperacure  of  that 
segment.  The  sum  of  these  resistances  comprise  the  total  resistance  of  the 
wire.  Under  these  conditions,  che  heat  distribution  in  the  wire  is  not 
important;  the  total  heac  in  the  wire  will  determine  che  resistance.  This 
principle  insures  that  che  rapidity  of  data  output  is  limited  solely  by 
che  circuitry  involved.  The  errors  due  to  heac  loss  occurring  while  che 
heat  is  evenly  distributed  are  minimized.  These  instruments  however,  are 
not  exempt  from  problems  of  reflection.  The  Wescinghouse  brochure  on  the 
RN-1,  indicates  that  a  correction  must  be  made  for  reflected  radiation 
which  depends  on  both  wavelength  and  polarization. 

The  majority  of  systems  which  employ  devices  which  change  the  energy  form 
from  radiant  to  thermal  use  thermocouples  or  thermopiles  as  a  sensing 
element.  These  thermocouples  employ  the  thermoelectric  effect  (9),  which 
is  in  reality  three  separate  effects.  The  three  effects  are  the  Seebeck 
effect,  che  Peltier  effect,  and  the  Thomson  effect. 

In  1823,  T.J.  Seebeck  discovered  chac  if  a  circuit  is  formed  consisting 
of  two  dissimilar  mecalic  conductors,  and  if  one  of  Che  junctions  of  che 
circuit  is  at  one  temperature  while  che  ocher  junction  is  at  a  higher 


temperature,  a  current  will  flow  in  the  circuit.  The  current  continues, 
to  flow  as  long  as  the  two  junctions  are  at  differing  temperatures.  The 

r 

electromotive  force  producing  this  current  is  called  the  Seebeck  Thermal 
SHF. 

In  1834,  M.  Peltier  discovered  that  if  a  current  flows  across  the 
junction  of  two  metals  it  gives  rise  to  an  absorption  or  liberation  of 
heat  (9).  If  the  current  flows  across  the  junction  in  one  directan  heat 
is  absorbed,  while  if  the  current  flows  in  the  other  direction  heat  is 
liberated.  If  the  current  flows  in  the  same  direction  as  the  current 
produced  by  the  Seebeck  effect  at  the  hot  junction  in  a  thermoelectric 
circuit  of  two  metals,  heat  is  absorbed,  while  at  the  cold  junction  heat 
is  liberated.  The  heat  liberated  or  absorbed  is  proportional  to  the 
quantity  of  electricity  which  crosses  the  junction.  The  amount  of  heat 
liberated  or  absorbed  when  one  coulomb  of  electricity  crosses  the  junction 
is  called  the  Peltier  effect  at  the  temperature  of  the  junction.  Expressing 
the  heat  in  joules,  it  can  be  shown  that  the  magnitude  of  the  Peltier 
effect  is  given  by  the  product  of  the  absolute  temperature  of  the  junction 
and  Che  race  of  energy  change  of  the. thermal  EHF  of  the  junction  at  that 
temperature  of  the  junction  when  the  only  currenc  across  it  is  that  due  to 

•if 

the  thermal  EHF  (9). 

The  Thomson  effect  was  discovered  by  W.  Thomson  in  1847  from  observations 
of  thermocouples.  He  noted  that  if  the  only  reversible  thermal  effects  in 
the  circuit  were  the  Peltier  effects  at'  the  junccbns,  the  EMF  around  the 
circuit  whose  cold  junction  is  kept  at  constant  temperature  should  be 

*  It  is  assumed  that  each  junction  of  the  thermocouple  has  small  mass 
with  respect  to  its  temperature  source.  - 
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proportional  to  the  difference  between  the  temperatures  of  Che  hot  and 
cold  junctions.  This  was  contrary  to  experience.  Thomson. therefore  . 
looked  for  reversible  heat  effects  when  an  electric  current  flows  through 
a  conductor  in  which  chere  is  a  temperature  gradient.  He  studied  a 
copper  wire  whose  temperature  varied  from  point  to  point.  When  a  current 
flowed  along  the  wire  such  that  at  some  point  the  current  and  heat  flows 
were  in  the  same  direction,  i.e.  the  current  flowed  from  hoc  places  to 
cold,  heat  was  liberated.  When  the  current  and  heat  flows  were  in  opposite 
directions,  heat  was  absorbed.  This  effect  produced  by  a  current  slowing 
along  a  conductor  in  which  chere  is  a  temperature  gradient  is  called  the 
Thomson  effect.  This  effect  differs  from  the  Pelcier  effect  in  chat  it 
occurs  in  a  homogeneous  conductor  rather  than  at  the  junction  of  two 
dissimilar  conductors.  This  effect  has  less  influence  on  the  temperature 
of  the  conductor  chan  the  Pelcier  effect  has  on  che  junction.*  The  Thomson 
effect  can  be  detected  experimentally  only  by  the  use  of  large  currents 
and  sensitive  devices  for  measuring  differences  in  temperature. 

Thus  the  EMF  observed  by  Seebeckj  which  is  the  basis  of  thermo¬ 
electric  thermometry ^  is  the  algebraic  sum  of  the  Peltier  EMF  at  che 
junctions  and  che  two  Thomson  EMF's  in  the  two  dissimilar  wires.  There 
is  therefore  not  a  simple  relationship  between  che  temperature  and  che 
EMF  observed.  The  relationship  is  certainly  never  strictly  linear.  The 
reason  che  EMF  versus  temperature  curves  are  not  linear,  is  that  the 
Thomson  EMF  in  one  metal  of  the  thermocouple  circuit  is  not  in  general  equal 
to  che  Thomson  EMF  in  the  ocher  metal  for  all  temperatures.  However,  for 

*  In  all  cases  the  Joulian  heat  loss  has  been  neglected. 


all  thermocouples  there  is  a  range  where  the  curve  may  be  approximated  by 
a  straight  line.  The  SMF  versus  temperature  curves  of  thermocouples  are 
tabulated  (10).  These  cables  are  strictly  empirical.  The  dependence  of 
EKF  on  temperature  can  not  yet  be  predicted  with  certainty  for  any  given 
thermocouple. 

The  effect  of  high  peak  power  levels  on  the  reflective  property  of 
metals  and  on  the  energy  measurement  system  requires  further  consideration. 
Whether  che  various  devices  remain  linear  under  high  peak  power  impacts 
requires  further  study.  Daly  (2)  presumes  that  the  conical  collecting 
apparatus  remains  linear  to  the  point  of  visible  damage  to  the  cone. 
Measurement  of  low  energy  levels  can  be  attempted  by  integration  of  the  output 
from  photosensitive  devices. 

Several  methods  employing  photomultiplier  tubes  as  detectors  of  laser 
energy  output  have  been  reported  (2,11,  12).  Before  individual  methods 
are  discussed,  those  characteristics  of  photomultiplier  tubes  which  will 
affect  all  experiments  will  be  noted. 

Photomultiplier  tubes  consist  of  an  envelope  with  a  transparent 
section  called  a  windoVj  within  which  is  a  photocathode  and  a  high  gain, 
wide  band  current  amplifier.  The  photocathode  consists  of  a  photosensitive 
material  deposited  on  a  carrier. 

Photocathodes  are  produced  in  two  ways.  Those  which  emit  electrons  on 
the  opposite  side  from  which  light  is  incident  are  called  semi-transparent. 
This  type  is  used  in  end-window  cubes.  Those  which  emit  electrons  on  the 
same  side  as  che  light  impinges  are  called  opeque.  These  generally  are 
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used  in  side  window  tubes.  The  semi-transparent  photocathodes  are  produced 

by  coating  the  inside  of  the  window  with  the  photosensitive  material  while 

in  the  opaque  photocathodes  the  phocoemitter  is  coated  on.  an  opaque 
L 

metalic  base. 

Although  the  opaque  photocathodes  are  simpler  to  make  and  are  more 
sensitive,  semi-transparent  photocathodes  are  more  generally  employed  due 
to  cheir  many  design  features  (12). 

When  light  is  incident  on  a  photomultiplier  tube  it  must  be  transmitted 
through  the  window  and  then  be  absorbed  by  the  photocathode.  Both  processes 
will  give  rise  to  a  reflection  which  will  in  general  be  a  function  of  the 
wavelength  of  the  light  and  possibly  the  polarization(l) . 

From  the  familiar  Einstein  Photoelectric  equation: 

T  -  hV  -  0 

where  T  is  the  kinetic  energy  of  the  emitted  electron, 

H  is  Planck's  constant  (6.624  x  10"^  j.  sec.), 

V  is  the  frequency  of  the  incident  radiation, 

0  is  the  work  function  of  the  photocathode, 
it  is  evident  that  below  a  frequency  VQ  such  that 

hVQ  -  0-0 

there  will  be  no  emission  of  photoelectrons  unless  low  probability  events 
such  as  multiple  photon  absorption  or  electron  tunneling  take  place.  V0 
corresponds  to  a  wavelength  k0  through  the  equation: 

_373 


VA  =  G 


where  C  is  Che  velocity  of  light.  Thus  there  is  a  cutoff  of  the  photo- 
emission  above  a  wavelength Jlp  unless  a  low  probability  event  occurs. 

Finally,  the  efficiency  of  iwteraction  of  the  incident  radiation  with 
the  photocathode  will  vary  as  a  function  of  wavelength  (13).  The  combination 
of  these  three  effects  yeild  a  spectral  response  curve  for  each  photomulti¬ 
plier  cube.  The  response  curves  of  various  types  of  phocomultiplier  tubes 
can  be  found  in  phototube  manuals  (13,14,15),  and  are  usually  supplied  to 
the  purchaser  of  a  photomultiplier  tube. 

In  many  cases  of  interest,  such  as  pulsed  and  Q-spoiied  lasers,  the 
radiant  energy  output  is  of  sufficiently  high  density  to  destroy  the  photo¬ 
tube.  In  these  cases,  filters  (11),  diffusers  (2,12)  and  beam  splitters 
(lb)  have  been  employed  to  reduce  the  energy  density  before  the  beam  is 
sampled. 

Filters  yield  unreliable  data  since  they  can  be  calibrated  only  for 
low  energy  incidence  and  do  not  take  into  consideration  either  the  spacial 
inhomogeneity  of  the  beam,  or  the  existence  of  hoc  and  cold  spots  in  the 
detector  (12)  which  ray  arise  due  to  an  inhomogeneity  in  either  the  phoco¬ 
multiplier  tube  window  or  the  phococathode. 

Diffusers  are  employed  to  reduce  the  energy  density  incident  on  the 
phototube  in  the  following  way.  The  laser  is  fired  at  the  diffuser  which 
scatters  the  radiation  in  all  directions.  A  uniformly  diffusing  surface 
is  defined  as  "one  for  which  the  luminous  intensity  per  unit  area  in  any 


direction  varies  as  the  coaine  of  the  angle  between  that  direction  and  the 
normal  to  the  surface,  so  that  it  appears  equally  bright  whatever  be  the 
direction  from  which  it  is  viewed"  (19).  A  surface  which  exhibits  this 
property  is  sometimes  called  a  Lambert  surface. 


Daly  (2)  describes  a  procedure  using  as  a  diffuser,  a  "MgO  block  with 
reflectivity  jP  . "  He  states  that  if  the  phototube  has  aperture  A,  and  is 
a  distance  D  away  from  the  diffuser,  the  fraction  L  of  the  original  emitted 
power  intercepted  by  the  phototube  aperture  is  given  by 


L 


A  /» 
D2  s 


This  formula  is  applicable  providing  /°  is  known  as  a  function  of  both  the 
position  of  the  phototube  and  the  wavelength  of  the  light  incident  on  the 
diffuser.  However,  determination  of ^  may  be  difficult,  particularly 
at  high  peak  power  density  levels.  Extrapolation  from  data  obtained  at  low 
power  levels  is  not  necessarily  justified.  In  addition,  no  correction  has 
been  made  for  the  specular  reflections  which  have  been  shown  to  arise 
whenever  light  is  incident  on  a  rough  surface  A  relation  between  surface 
roughness  and  specular  reflectance  at  normal  incidence  has  been  found  (17) 
which  is  dependent  on  wavelength. 

Bernal  (18)  has  shown  that  single  MgO  crystals  become  scrongly  absorbing 


when  exposed  to  the  focused  beam  of  a  normal  pulsed  laser.  The  strong 
absorption  coincides  with  the  vaporization  of  the  crystal  by  the  beam. 


Leice  and  Pores  (12)  use  a  BaSO^  coating  on  glass  which  they  measured 
to  have  a  98. SZ  reflectivity  and  to  be  a  nearly  perfect  Lambert  reflector. 
They  do  not  indicate  the  wavelength  at  which  the  reflectivity  of  98. 5Z  was 
obtained,  nor  whether  the  value  is  wavelength  independent.  Most  reflectors 
are  wavelength  dependent  (20). 

In  devices  called  beam  splitters,  the  usual  technique  is  to  insert  a 
transparent  medium  at  an  angle  to  the  direction  of  che  beam,  thereby 
partially  reflecting  and  partially  transmitting  che  beam.  The  amount 
reflected  can  be  varied  by  changing  the  angle  of  the  reflector  with  respect 
to  the  beam.  Since  this  device  introduces  another  reflection  into  the 
system,  its  effect  is  identical  to  those  discussed  elsewhere  in  this  paper  (1) 
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Summary  of  Thermocouples 


Thermocouples  employ  the  Seebeck  effect  which,  if  jouliam  heat  loss 
is  neglected,  can  be  considered  the  sum  of  the  Peltier  and  Thomson  effects. 

The  Peltier  effect  is  a  reversible  effect.  The  process  involved  is 
the  production  of  heac  flow  into  or  out  of  a  Junction  between  two  different 
metallic  conductors  when  a  current  passes  through  the  junction. 

The  Thomson  effect  is  also  reversible.  It  is  a  heat  flow  into  or  out 
of  a  homogeneous  conductor  in  which  there  is  a  temperature  gradient.  If 
the  current  is  in  the  same  direction  as  the  heat  flow  in  the  wire,  heat  is 
liberated. 

Thermocouples  are  nonlinear  devices  because  the  Thomson  EMF  in  each 
of  the  components  of  the  device  varied  differently  with  temperature 
gradient. 


.  t.  Mendenhall 
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Hazards  Due  Co  Light  Scattering 

In  chia  section  of  the  report  the  hazards  to  be  expected  due  to  scattered 

light  will  be  indicated.  The  problem  (of  scattered  light)  will  be  considered  in 

three  separate  sections.  First,  the  scattering  properties  of  the  atmosphere  will 

be  considered  under  different  atmospheric  conditions.  Second,  some  typical  examples 

to  diffuse  reflectance  (backscatter  from  targets)  that  may  be  encountered  in  the 

laboratory  wil:.  be  cited.  Finally,  the  "hazard  regions"  associated  with  conditions 

considered  in  sections  One  and  Two  will  be  outlined.  Since  laser  communications 

and  experimentation  will  be  carried  out  at  a  variety  of  power  levels ,  pulse  widths 

and  beam  geometries,  it  is  not  possible  to  specify  a  "hazards  region"  without  also 

specifying  the  characteristics  of  the  associated  laser.  Consequently  in  Section 

Three  the  power  density  of  scattered  radiation  will  be  expressed  relative  to  the 

power  output  of  the  laser.  The  resulting  ratio,  I  sea .  will  then  be  a  function 

lo 

only  of  the  position  of  tK«  observer  and  the  properties  of  scattering  media  under 
consideration.  In  this  way  safe  distances  associated  with  any  specific  laser  out¬ 
put  characteristics  and  scattering  condition  can  be  determined  utilizing  the  hazard 
power  levels  presented  in  other  sections  of  this  report.  Some  examples  in  which  all 
the  variables  have  been  fixed  (re  laser  characteristics  and  scattering  properties 
of  the  media  or  target)  will  be  given  to  illustrate  how  the  information  presented 
in  Section  Three  is  utilized. 


INTRODUCTION 


At  the  usual  low  power  levels  the  degree  to  which  a  differencial  layer  of  a 
medium  diminishes  a  beam  of  radiation  is  determined  by  the  extinction  coefficient 
of  the  medium.  Extinction  may  be  due  to  scattering  or  absorption  or  both,  so  that 
in  general  under  Che  above  condition 
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where  a  .  .  a  .  and  a  _  are  the  absorption,  scattering  and  extinction  coef- 
ficients  respectively,  and  I  is  the  radiation  intensity.  The  scattering  coef¬ 
ficient  (turbidity)  is  a  measure  of  the  radiation  which  passes  undiverted  from 
one  layer  of  the  medium  to  the  next.  The  absorption  coefficient  indicates  the 
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radiation  absorbed  in  each  layer. 

Electromagnetic  radiation  is  scattered  whenever  it  passes  through  an  inhomo¬ 
geneous  medium.  The  two  mechanisms  by  which  light  is  scattered  are  refraction  and 
diffraction.  Refraction  occurs  when  radiation  is  diverted  crossing  a  boundary 
between  two  dissimilar  optical  media.  Diffraction  is  an  Interference  phenomena 
which  is  associated  solely  with  the  geometry  of  the  scatterers  (la). 

The  extent  and  spatial  distribution  of  the  scattered  radiation  depends  on 
the  characteristics  of  the  radiation  and  the  inherent  properties  of  the  inhorno- 
genieties  and  their  number  density.  If  the  beam  diameter  is  small  compared  with 
other  dimensions  of  the  systems  the  intensity  at  any  particular  cross-section, 
a  distance  z  into  the  medium,  along  the  direction  of  propagation  will  be 


-a  z 
ext 


where  I  is  the  incident  power  density.  If  the  beam  width  is  increased,  intensity 
o 

will  no  longer  be  constant  at  any  given  cross-section. 

When  the  inhomogenieties  are  particles  the  total  radiation  scattered  to  a 
given  point  will  be  the  sum  of  the  radiation  scattered  from  all  particles  plus 
the  undisturbed  part  of  the  incident  beam  at  that  point.  In  the  limiting  case 
in  which  particle  separation  is  large  enough  so  the  inter -particle  radiation  is 
negligible  (single  scattering)  Che  scattering  function  associated  with  all  particles 
will  be  identical  and  the  radiation  scattered  to  any  point  may  be  evaluated  by  a 
simple  volume  integral  (1),  such  as  that  in  Equation  1  and  Figure  1. 

I  -  fvl0  f(R,  M>  dve 

=»  /  i  f(R  ,  e  ,  4  ,  r  .  e  .  0  )  dvo 

Jv  o  o’  o  o  e  ’  e  ’  e'  e 

where  V  is  the  total  volume  containing  scatters,  dVg  is  a  small  element  of  the 
total  volume  which  scatters  the  light  incident  upon  it  according  to  f(R,  9,  0) 
and  the  variables  (R,0,0),  (Ro,0q0o)  and  ^Re,Se’^e^  are  the  Posi-tion  of  3 
scattering  element  with  respect  to  an  observer,  the  position  of  the  observer  with 
respect  to  the  origin,  and  the  position  of  the  scattering  element  with  respect 
to  the  origin. 

If  interparticle  radiation  is  significant  (multiple  scattering)  the  scatter¬ 
ing  function  associated  with  an  individual  particle  is  dependent  on  the  position 


3 


of  that  particle  and  the  distribution  of  particles  in  the  system  (2).  Problems 
of  this  nature  can  in  general  be  numerically  evaluated  only  with  the  aid  of  severe 
approximation 

Due  to  the  complex  structure  associated  with  biological  media,  their  turbidi¬ 
ties  are  very  high.  In  the  liver,  for  example,  the  scattering  coefficient  is  an 
order  of  magnitude  greater  than  the  absorption  coefficient  (3).  Consequently, 
when  lasers  are  incorporated  in  clinical  treatment,  it  should  be  recognized  that 
radiation  scattered  to  points  outside  the  path  of  the  beam  may  be  of  considerable 
intensity. 


Atmospheric  Transmission 

Before  considering  atmospheric  scattering  it  is  necessary  to  consider  atmos¬ 
pheric  absorption  since  radiation  absorption  by  the  atmosphere  limits  the  useful 
frequency  range  for  communications  purposes.  The  absorption  coefficient,  like 
the  scattering  coefficient  will  depend  upon  the  number  density  of  various  atmos¬ 
pheric  constituents  and  the  wavelength  of  the  radiation  for  normal  atmospheric 
hazn.  The  frequency  ranges  in  which  absorption  is  high  under  these  conditions 
are  in  the  ultraviolet  and  infrared  but  not  in  the  visible,  except  for  a  few 
narrow  bands . 

The  absorption  coefficient  for  atmospheric  components  as  a  function  of 
wavelength  has  been  determined  by  Thompson  et  al.  (4)  for  the  range  between 
185G  X  and  4000  Xi (ultraviolet) .  His  results  are  reproduced  in  Figures  2-9 
and  the  pressure  at  which  the  tests  were  carried  out  in  Table  I.  The  results 
were  obtained  with  a  double  beam  spectrophotometer  and  a  test  cell  with  a  10  cm 
path  length.  The  normalization  procedure  for  tests  run  with  a  particular  gas 
at  different  pressures  was  not  indicated  (see  Table  I,  in  particular  data  con¬ 
cerning  NH^)  . 

The  absorption  coefficient  of  gases  is  highly  dependent  upon  pressure.  Con¬ 
sequently  the  data  of  Figures  2-9  do  not  indicate  the  relative  absorption  coef¬ 
ficient  of  the  atmospheric  fractions  as  they  are  found  in  nature  since  the  gases 
are  not  present  in  equal  amounts  and  certainly  not  at  the  concentration  indicated 
in  Che  report.  However,  the  high  absorption  characteristics  of  all  constituents 
below  2000  X  would  limit  transmission  to  longer  wavelengths  in  the  lower  atmos¬ 
phere.  At  high  altitudes  (20  Km)  the  absorption  of  ozone  in  the  middle  ultraviolet 
(2000  X  to  3200  X)  limits  the  useful  range  to  above  3200  X  (2). 
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Atmospheric  absorption  in  the  infrared  is  determined  to  a  great  extent  by 
the  behavior  of  two  atmospheric  components  i^O  and  COj  (6).  A  detailed  theo¬ 
retical  evaluation  of  the  absorption  spectra  of  these  molecules  in  the  infrared 
range  averaged  over  frequency  intervals  of  2.5  cm  ^  for  three  temperatures  Between 
200  and  300°K,  at  seven  pressures  from  .01  to  1  atm.  has  been  presented  in  two 
Air  Force  reports  (7,8).  The  analyses  were  based  upon  the  quasi  random  model  for 
molecular  band  absorptance  (9).  Due  to  its  complexity,  a  discussion  of  the  model 
will  not  be  given  here.  A  comparison  of  the  spectra  analytically  determined  in 
the  report  by  Wyatt,  Stull  and  Pluss  with  experimental  results  of  Burch  et  al.  (10) 
was  given  in  subsequent  articles  (11,12).  Graphs  from  these  articles  have  been 
reproduced  in  Figures  10  and  11,  along  with  the  atmospheric  conditions  to  which 
they  correspond.  The  high  correlation  between  the  two  sets  of  data  tends  to 
indicate  the  validity  of  the  model  used  for  analytical  evaluation  over  the  ranges 
tested.  Since  considerable  detail  concerning  atmospheric  absorption  at  infrared 
wavelengths  has  been  given  both  analytically  and  experimentally  by  Wyatt,  Stull 
and  Pluss,  and  Burch  et  al . ,  respectively,  only  a  brief  summary  of  the  character¬ 
istics  will  be  given  here. 

Unlike  the  ultraviolet  region,  the  infrared  contains  many  windows  (spectral 
bands  of  transmittance).  Consequently  it  i3  difficult  to  define  a  transmission 
cutoff  point  at  long  wavelengths.  Like  the  ultraviolet  there  is  a  strong  dependence 
of  absorption  upon  altitude.  This  is  apparent  when  one  considers  the  atmospheric 
absorption  spectra  for  beams  of  solar  radiation  reaching  different  altitudes.  Two 
such  spectra  are  shown  in  Figure  12  (by  Goody  (13)  )  for  solar  radiation  reaching 
the  ground  level  and  that  reaching  11  Km.  The  specific  atmospheric  conditions 
under  which  the  data  was  taken  is  not  indicated  in  the  article,  since  the  spectra 
presented  were  intended  by  the  author  to  illustrate  relative  absorption  at  dif¬ 
ferent  altitudes  under  "typical"  conditions.  The  continuum  in  Figure  10  was 
interpreted  by  the  author  as  the  result  of  the  scattering  continuum  which  was  not 
distinguishable  from  directly  transmitted  light. 

In  view  of  the  data  considered,  it  was  concluded  that  vertical  atmospheric 
transmission  of  laser  radiation  for  communications  purposes  is  limited  in  general 
to  wavelengths  between  0.3  and  1.5^i.  For  horizontal  transmissions  at  altitudes 
where  ozone  content  is  negligible,  (less  than  15  Km  (14)  )  the  near  ultraviolet 
region  (.2  to  3^)  may  also  be  utilized.  Since  the  useful  range  will  depend  upon 
atmospheric  conditions,  transmission  bands  will  vary  with  geographical  location 
and  season.  However,  transmission  through  the  infrared  windows  may  be 
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important...  Consequently  the  transmission  range  presented  here  should  be  inter¬ 
preted  as  corresponding  to  an  average  situation. 

The  scattering  of  light  by  the  atmosphere  has  received  considerable  attention 
in  past  literature  with  emphasis  placed  primarily  on  extinction  (15,16,17)  rather 
than  angular  distribution.  Although  the  extent  and  manner  in  which  light  will  be 
scattered  by  individual  atmospheric  particles  can  be  predicted  theoretically  (18, 

191  the  problem  of  aggregate  scattering,  except  under  special  conditions,  can  only 
approximately  be  represented  analytically.  In  fact,  when  the  light  scattering 
properties  of  the  atmosphere  have  been  studied  (20,21,22,23)  it  has  been  found  that 
the  angular  distribution  of  scattered  light  did  not  correspond  to  any  simple  dis¬ 
tribution  (in  both  size  and  type)  of  particles.  The  noted  characteristics  appeared 
to  be  the  additive  effects  of  Lambertian  scatterers  (dust)  large  dielectric  spheres 
(water  droplets)  and  Rayleigh  scatterers  (gas  molecules).  The  extent  and  distribution 
of  scattered  light  is  dependent  on  the  concentration  of  these  particles  as  well  as 
on  their  size  distribution  in  the  case  of  dust  and  water  droplets.  Assuming  single, 
incoherent  scattering,  the  scattering  coefficient  per  unit  volume,  &sca,  will  be 
the  coefficient  per  particle  times  the  number  of  particles  per  unit  volume,  summed 
over  all  particles  in  the  volume  or 

“sea  *  / !»<««(« 

Similarly,  assuming  incoherent  (random  phase)  scattering  the  angular  distri¬ 
bution  of  scattered  light  is 

S(0)  -/lN(i)S(i,9)  di 

where  S(i,0)  is  the  distribution  of  scattered  light  associated  with  the  ith 
particle.  An  evaluation  similar  to  that  described  above  was  completed  by 
Deirmendjian  (24).  The  evaluation  was  based  on  an  empirical  expression  proposed 
by  Khrgian  and  Mazin  (25,26)  which  described  the  size  distribution  of  particles 
found  under  various  atmospheric  conditions,  with  the  characteristics  of  particles 
of  a  specific  size  taken  from  Mie  theory  (27).  Some  of  the  results  of  this 
evaluation  are  given  in  Figures  14-17. 

Dust  particles  scatter  light  primarily  to  the  second  and  third  quadrants 
(backscatter)  water  droplets  to  the  first  and  fourth  quadrants  (forward  scatter) 
and  molecules  equally  in  all  quadrants  (28)  .  Consequently  the  scattering  of 
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light  near  urban  centers  will  be  primarily  backscatter  while  maritime  atmospheres 
will  exhibit  forward  scattering. 

The  power  density  of  radiation  at  the  retina  of  an  observer  is  determined  by 
the  amount  of  light  scattered  from  specific  points  in  the  beam  due  to  the  imaging 
properties  of  the  eye.  Consequently  the  scattering  properties  of  a  small  volume  of 
scatterers  (Figure  18)  within  the  beam  of  radiation,  must  be  considered. 


The  angular  distribution  of  light  scattered  by  such  a  volume  irradiated  by  a 
Xenon  flashlamp  beam  of  small  divergence  has  been  studied  by  Reeger  and  Siedetopf 
(29).  The  light  emerging  from  this  volume  was  measured  with  a  directional  photo¬ 
meter.  The  field  of  view  of  the  photometer  determined  the  dimensions  of  the  observed 
scattering  volume.  The  data  associated  with  this  study  was  taken  in  normal  atmos- 

GscaZf(°) 

pheric  haze  (of  low  turbulence,  turbidity,  and  dust  content).  Since  1=1  e 
is  the  intensity  per  steradian  it  can  be  concluded  that  the  intensity  per  square 
centimeter  is 


-a.  z 
sea 


1(a)  =  IQe 


f(0) 


watts /cm 


where  I  =  the  intensity  of  radiation  at  the  source 
o 

R  =  the  radial  distance  of  the  observer  to  the  scattering  volume  in  meters 
z  =  the  distance  from  the  source  to  the  scattering  volume 
8  =  angle  measured  with  reference  to  the  forward  direction 

asca  =  the  turbidity  of  the  atmosphere 

If  R»0.01  the  rays  will  be  almost  parallel.  As  a  worst  case,  assuming  a  dark 
adapted  eye  Che  focused  spot  size  at  the  retina  will  be  16|i  (30)  and 


-a  z 

I  e  sca  f (0)  2  2 

I  =  - = -  10“  watts /cm- 

retina  _2 


where  R  is  in  meters  . 


Since  a  in  general  ranges  from  0.1  to  0.05  Km  1  (31),  for  z < I  Km 
s  ca 

I  =  Xo  f(8)  2  2 

retina  - 1 -  10  watts /cm 

R 

_3 

Figure  20  is  a  olot  of  I  .  =10  I  with  f(9)  based  on  the  data  of 

s  •  retina  o 

Reeges  and  Siedentopf.  This  Figure  represents  the  integrated  scattering  pattern 
of  the  light  at  all  wavelengths  transmitted  by  the  flashlamp.  Since  very  little 
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change  is  observed  in  extinction  coefficient  as  one  traverses  the  visible  range, 
this  pattern  and  those  at  specific  visible  wavelengths  would  in  general  be  simila 
However,  at  specific  wavelengths,  resonant  conditions  dependent  on  the  size  and 
number  density  of  atmospheric  particles  may  alter  the  scattering  pattern. 

At  wavelengths  where  the  cornea  has  a  significant  absorption  coefficient 

(OV  and  IS.)  most  of  the  radiation  incident  on  the  eye  will  be  absorbed  near  the 

surface.  Consequently  the  total  light  scattered  to  a  point  must  be  considered 

rather  than  the  light  scattered  from  a  specific  part  of  the  beam.  If  analysis 

is  limited  to  distances  from  Che  beam,  R,  from  which  a  R«1 

sea 


The  scattered  light  intensity  absorbed  by  the  cornea  at  the  observation 
point,  R  ,  0  (see  Figure  19)  due  to  the  entire  beam  will  then  be 

I  e^3CaZ  f(0)  G(0) 

I  »  - - 5 -  dz  (1) 

IT 


where  f(0)  is  the  atmospheric  scattering  function  (as  described  on  page  6  of 
this  report)  and  G(0)  is  the  angular  dependence  of  absorption  of  the  cornea. 

Utilizing  a  stepwise  approximation  for  G(0)  and  f (0) 


I 


A  i„  (I-  3  SCI,)  f(6)n  oje) 

n^n  '■'An  +  (z-z  )2 

o  n  o 


n 


n=mi 


— 

2 

A  Q 

a 

a  c a 

m| 

^csec 

®n+l\  ' 

X 

0 

2 

2 

^  csec 

1 

<DC 

F  A 
n  n 


X 

o 

where  0  ■  arctan  — 

rr\  z 


(corresponding  to  z=o). 


Due  to  insufficient  data  concerning  both  f(0)  and  G(0)  at  ultraviolet 
and  infrared  wavelengths  computer  evaluation  of  1(0)  was  accomplished  assuming 


8 


(1)  C(9)  -  1 

(2)  f (9)  ■  the  same  in  the  near  IR,  visible,  and  near  UV 

The  results  of  the  evaluation  are  shown  in  Figure  21.  It  is  emphasized  that 
Figure  21  is  meant  only  as  an  indication  of  the  distribution  of  scattered  light. 

A  more  detailed  evaluation  would  be  warranted  only  if  more  information  concerning 
f(9)  and  G{9)  were  available. 

In  fog,  clouds,  and  other  optically  dense  media  turbidities  are  of  the  order 
of  15  Km  ^  (32).  It  can  be  concluded  that  for  turbidities  this  high  a  collimated 
beam  of  light  is  diminished  to  roughly  0.2  of  its  original  intensity  in  100  m. 

The  distribution  of  the  scattered  energy  cannot  readily  be  determined  analytically 
due  to  multiple  and  directed  scattering.  Search  of  the  literature  to  date  has 
provided  little  information  concerning  distribution  of  the  light  scattered  from  a 
beam  in  a  highly  turbid  media.  Consequently  che  following  model  has  been  postulated 
in  order  to  determine  the  distribution  of  scattered  light  one  may  expect  under 
highly  turbid  conditions. 

If  it  is  assumed  that  the  intensity  of  the  beam  a  distance,  z,  into  the 
turbid  media  is 

-a  z 

W  -  W  e  sca  watts 
o 

The  power  lost’ in  the  length  Az  will  then  be 

jtt  dW  TT  caZ 

dW  «  — Az  =  a  sca  e  Az 


Under  the  assumption  of  radial  propagation  of  scattered  light  from  the  center  line 
of  the  beam  and  an  exponential  decay  in  the  radial  direction,  a 


W  a  e 
o  sca 


-asca(2+a) 


-2  2 
10  watts /cm 


where  a  is  in  meters  (see  Figure  19). 
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Assuming  a  16ji  diameter  spot  on  the  retina  (33)  the  power  density  at  the  retina  is 


-°t  (z+a) 

W  a  sea  e 

X  ■  -2 - 

retina  2«a 

(Assuming  an  ocular  gain  of  10^) 

For  a  «  15  Km  * 
sea 


,rt4  ,2 

10  watts /cm 


retina 


V  exp  (-1.5  X  10'2(z+a)  ) 


X  2.4  X  10"1  watts /cm 


The  scattering  properties  of  snow  have  been  studied  experimentally  by  Hogg 
(34).  A  helium  neon  laser,  0.63ji,  was  transmitted  through  a  cassegrainian  tele¬ 
scope  over  a  2.6  Km  path  length.  The  intensity  of  the  beam  was  measured  at  various 
angles  while  the  path  length  was  kept  constant.  Data  for  various  turbidities  is 
shown  in  Figure  22.  It  is  noted  at  this  point  that,  in  general,  the  scattered  radi¬ 
ation  may  not  be  represented  by 


I  - 


f<9„> 


o 


where  9  and  R  are  the  coordinates  of  the  observer  with  respect  to  the  source, 
oo 

Consequently,  experimental  data  such  as  reported  by  Hogg  (35),  concerned  with 
the  angular  dependance  of  scattered  radiation  intensity  in  turbid  media,  give 
information  only  about  the  data  points  and  may  not  be  extrapolated  to  determine 
light  intensity  at  other  points. 

The  turbidity  of  the  atmosphere  decreases  as  wavelength  increases  in  the 
visible  and  infrared  regions  (36).  This  is  due  to  the  fact  that  the  scattering 
cross-section  of  water  droplets,  large  compared  to  wavelength  decreases  with 
increasing  wavelength.  However,  the  decrease  is  generally  less  than  an  order 
of  magnitude  as  one  traverses  the  entire  visible  spectrum  and  into  the  infrared 
region.  (This  is  in  contrast  to  the  X  ^  dependence  found  in  the  microwave  region). 
Consequently,  one  may  conclude  that  the  atmospheric  scattering  patterns,  for  all 
wavelengths  within  the  visible  range,  will  be  similar. 
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In  addition  to  particulate  scattering,  spatial  variations  in  atmospheric 
conditions  will  also  result  in  the  scattering  of  radiation.  Edwards  and  Steen 
(37)  have  shown  that  a  constant  level  optical  signal  transmitted  through  a 
turbulent  atmosphere  will  also  be  randomly  modulated.  The  signal  variation  was 
designated  by  a  modulation  index  given  by 


I  (O2 


where  D(t) 

S(t) 


deviation  from  the  average 
average  signal 


The  data  was  taken  in  normal  atmospheric  hare  with  relatively  low  turbulence 
(although  no  exact  figures  concerning  turbulence  were  given).  Observed  modulation 
indices  were  reported  to  vary  according  to 

M2  «  constant/Da 


where  D  »  viewing  aperture  diameter,  and  a  ■  constant  nearly  equal  to  unity. 

This  is  probably  due  to  Che  fact  that  spatial  variations  tend  to  average  out 
as  the  beam  cross-section  is  increased. 

Modulation  indices  as  high  as  *  0.4  were  observed  with  signals  of  a 

2 

3  cm  cross-section.  The  data  showed  random  seasonal  dependence  although  the 
specific  effects  of  variable  ambient  atmospheric  conditions  were  not  indicated. 

The  significant  effect  of  turbulence  in  a  medium  of  low  ambient  turbidity  suggests 
that  turbulence  in  optically  dense  media  will  play  a  significant  role  in  atmos¬ 
pheric  scattering.  Since  the  distribution  will  be  random  and  time  varying,  s tatis tical 
analysis  will  be  necessary  in  order  to  determine  probable  scattered  radiation 
intens ities  . 

Scattering  of  Light  bv  Targets 


Probably  a  more  eminent  hazard  is  diffuse  reflection  and  scatter  from  targets. 
It  has  been  shown  (38)  that  the  diffuse  reflectivity  at  angles  within  15°  from  the 
normal,  of  a  surface  with  the  following  properties 
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(1)  RIG  roughness ,fl, (RIG  deviation  from  flatness)ls  small  compared  to  wavelength. 

(2)  Distribution  of  heights  of  the  surface  is  gauss lan  about  the  mean, 
is  that  of  Equation  2 : 


where  M  ■  RJ6  slope  contained  in  the  surface  profile,  Rq  is  the  total  normal 
reflectance,  S  »  observation  arc  length,  and  R  *  radial  distance  to  the  center 
of  the  surface.  For  a  surface  described  by  ^  «  0.1,  m  *  0.01,  and  R^  ■  10  ^cm^ 

at  a  radial  distance  of  lm. 

The  optical  characteristics  of  the  target  are  time  varying  at  high  power 
densities.  This  is  partly  related  to  volatilization  and  creation  of  a  plasma 
cloud  or  plume  over  the  surface.  The  diffuse  reflectance  described  above  will 

consequently  be  an  initial  value.  Estimated  electron  densities  of  plumes  range 

15  3  23  3 

from  10  electrons /cm  for  dielectrics,  to  10  electrons /cm  for  metal  surfaces. 

The  amount  of  energy  reflected  by  the  plasma  is  dependent  upon  its  complex  refract¬ 
ive  index  which  is  given  by  (39) 


where  N  ■  electron  number  density 
eQ  ■  permitivity  of  free  space 
m  *  electron  mass 
e  -  electron  charge 
v  *  plasma  collision  frequency 
w  ■  the  frequency  of  the  optical  radiation 

Initially  if  the  plasma  electron  density  is  greater  than  lO^/cm^,  the 
index  of  refraction  is  a  pure  imaginary  number  (  yCl  n,  where  n  is  a  real  number) 
and  the  plasma  is  highly,  reflecting.  As  the  plasma  disperses,  its  electron 
density  decreases  until  the  refractive  index  becomes  real  and  the  plasma  reflects 
littleof  the  incident  energy.  When  the  plasma  has  dispersed  to  a  point  where  the 
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,  20  2 
electron  density  reaches  a  critical  value,  which  is  of  the  order  of  1C  /cm  , 

it  will  again  be  highly  reflecting.  Assuming  that  the  leading  edge  of  a  plume 

emerges  from  an  irradiated  surface  is  a  spherical  segment,  the  radiation  will  be 

reflected  according  to 


I  -  I 

o 


1 

1  -  cos  2  sin"l  — 
r 


(see  Figure  23)  for  angles  equal  to  or  less  than  2  sin 


where  r  =*  radius  of  curvature  of  the  plume 

a  *  radius  of  the  incident  beam 

R  *  radial  distance  of  the  observer 
o 

Thus  for  a  plume  with  a  radius  of  curvature  three  times  the  radius  of  the  beam 

-4 

at  a  distance,  R  1m  from  the  event,  the  scattered  intensity  is  roughly  10 
the  incident  radiation. 

At  a  distance  of  only  lm.  from  the  source  of  scattered  radiation  one  may 
not  assume  ocular  focusing  to  a  diffraction  limited  spot.  The  image  diameter  is 
given  in  this  case  by  (40) 


arctan  (X/D) 
F  +  D 


where  X  ■  object  diameter 

D  =  distance  to  the  object 

F  =  refractive  power  of  the  eye  (=60m  ^)  (41) 

Assuming  that  the  scattered  radiation  emerges  from  an  area  of  1  cm  diameter,  the 

-2 

image  spot  diameter  at  the  retina  is  y  =  1.67  X  10  cm.  The  corresponding  image 

-4  2 

area  is  then  1.9  X  10  cm  .  Assuming  that  the  pupil  is  dilated  so  that  its  area 

2  3 

is  1  cm  the  gain  due  to  focusing  of  the  eye  in  this  case  is  roughly  5  X  10  . 

2  -1 

The  power  density  (watt/cm  )  at  the  retina  will  then  be  5  X  10  the  output  power 
(watts)  of  the  laser  at  1  meter  from  target. 
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When  the  plume  la  totally  reflecting,  the  radiation  it  scatters  from  a 
focused  beam  will  be  related  to  the  incident  power  density  in  roughly  the  same 
way  as  in  the  unfocused  case.  The  divergence  of  the  scattered  radiation  may  be 
either  greater  than  or  less  than  in  the  unfocused  case  depending  on  che  focal 
length  of  the  lense  used,  but  the  scattered  radiation  intensity  will  in  general 
be  of  the  same  order  of  magnitude. 


Safety  Regions 

The  spatial  dependence  of  scattered  radiation  (at  visible  wavelengths)  under 
the  condition  of  normal  atmospheric  haze  presented  above  has  been  expressed  in 
terms  of  a  fixed  scattering  element  and  a  variable  observation  point.  In  order 
to  establish  positions  of  safety  the  special  distribution  of  scattered  light  must 
be  expressed  in  relation  to  fixed  observation  points.  The  difference  between  these 
two  approaches  is  illustrated  in  Figures  18  and  19 

On  page  6  of  this  report  it  was  shown  thatafi  visible  wavelengths,  the  light 
power  density  at  the  retina  is  given  by 


Win  Sh&L.  102 

R 


(3) 


Equation  I  may  be  expressed  alternately  by 


1-  f  (9)  2  '  2 

I  -  sin4  9  x  104 

retina  2 


•  / 

9  is  the  angle  of  the  observation  (see  Figure  19).  The  radiation  intensity  of  the 
retina  will  be  tolerable  when  Iret£na<  \azard  or  when: 


f(9>  sin2  9  X  102 

2 

a 
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where  ^a2ard  is  the  hazard  level  at  the  retina. 

2  2 

The  function  of  f(9)  sin  9  X  10  is  plotted  in  Figure  24  where  f(9)  is 
taken  from  the  data  on  atmospheric  haze  of  Reeger  and  Siedentopf  (42).  The  function 
has  a  maximum  of  1.6  X  10  at  approximately  12°  which  corresponds  to  the  direction 
of  observation  at  which  the  scattered  light  intensity  is  maximum.  Assuming  this 
value  as  a  worst  case,  the  minimum  radial  distance  from  the  beam,  under  normal 
atmospheric  conditions,  at  which  an  observer  will  be  safe  is 


a  =»  1.26  X  10'1  ,  /  -£■ 

\  nazard 


Thus  for  a  10  megawatt/cm  laser  pulse,  of  duration  1  millisecond,  and  a  corresp- 

2 

ending  hazard  level  at  the  retina  of  1  Kw/cm  the  safety  distance  is  roughly  12 
meters . 

The  distribution  of  scattered  light  in  highly  turbid  media  (asca  *  15  Km  ^) 
was  given  on  page  (in  the  section  on  atmospheric  transmission)  by 

-1.5  X  10'2  (z+a) 

W,  *  2-4  x  10  - - - 


under  the  assumptions  cited.  The  radial  distance  from  the  center  line  of  the 
beam  at  which  an  observer  will  be  safe  is  then  found  from  the  solution  of  a  trans¬ 
cendental  equation. 

The  radial  distance,  a,  required  for  safety  decreases  exponentially  with  z, 
the  direction  along  the  center  line  of  the  beam.  Maximum  hazard  occurs  consequently 
at  z  3  o  where 


^hazard 


+1.5  X10  j  ,  ,  , 
ae  X  4.2 


This  equation  is  plotted  in  Figure  25  for  _o _  ranging  from  1.0  to  10  .  The 

^hazard 


15 


The  safe  radial  distance,  a,  will  then  be  given  by 


-a  z 
sea 


where  a  -the  safe  radial  distance  at  z-o,  as  read  from  Figure  25.  Thus 
0 

for  a  1  megawatt  pulse  of  duration  1  millisecond  and  the  corresponding 


2  n  3 

hazard  level  at  the  retina  of  1  Kw/an  the  ratio  -  10J  and  the  safe 

nazard 

Of  3* 

distance  under  highly  turbid  atmospheric  conditions  (sea  -  15  Km  )  will 
have  a  maximum  value  of  76m  at  z-o  and  decay  exponential  as  indicated. 

Until  now  beam  divergence  has  not  been  discussed  in  this  section.  It  is 
apparent  that  since  radial  safety  distances,  associated  wlch  scattering  by 
normal  atmospheric  haze  are  small,  at  large  values  of  z  beam  divergence 
will  be  the  controlling  factor.  For  small  z,  however,  i.e.  positions  near 
the  source,  divergence  does  not  result  in  appreciable  beam  spread,  and  the 
safety  distance  associated  with  scattering  predominates.  (A  discussion 
of  the  effects  of  beam  divergence  has  been  presented  in  another  section  of 
this  report). 

Under  highly  turbid  conditions  light  is  scattered  to  a  much  greater 
extent  chan  in  normal  haze.  The  effect  may  be  thought  of  as  beam  broad¬ 
ening  due  to  scattering.  This  broadening  effect  will  be  much  greater  than 
the  broadening  effect  of  inherent  beam  divergence.  Consequently  under 
highly  turbid  conditions  beam  divergence  is  not  a  significant  factor. 

At  intermediate  values  of  turbidity  the  beam  divergence  and  scatter¬ 
ing  may  not  be  considered  separately  since  their  effects  are  comparable.  A 
more  detailed  investigation  is  required  before  safety  distances  may  be 
established  for  conditions  of  intermediate  turbidity. 

As  was  illustrated  above,  the  power  density  at  the  retina  that  one 

may  expect  due  to  scattered  radiation  in  the  laboratory  could  be  of  the 

same  order  of  magnitude  as  the  power  output  of  the  laser.  Consequently  a 

2 

lQOj  laser  could  result  in  12  j/cm  at  the  retina  of  an  observer  two  meters 
from  the  target.  This  level  is  well  above  the  damage  threshold.  If  we 
relax  the  assumption  that  the  plume  is  1007.  reflecting  and  assume  only 
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107.  reflectance  (lower  electron  density  in  the  plasma)  the  scattered 
radiation  remains  above  the  damage  threshold.  Moreover  since  the  lesion 
cross-section  (10*4  cm2)  constitutes  such  a  small  percent  of  the  total 
retina  area,  the  observer  may  not  be  aware  that  damage  has  been  done  until 
several  lesions  have  been  produced.  It  is  concluded  that  a  laboratory  in 
which  laser  research  is  carried  out  should  be  considered  a  critical  area. 
An  adequate  warning  system  should  be  provided  which  will  indicate  when  the 
laser  is  "active"  and  protective  precaution  taken  during  the  firing. 

The  hazards  associated  with  scattered  ultraviolet  and  infrared  radi¬ 
ation  differ  considerably  from  those  connected  with  visible  radiation. 

The  total  radiation  from  all  points  within  the  field  of  view  must  be  con¬ 
sidered  addatively.  Before  this  summation  is  carried  out  each  component 
incident  on  the  cornea  must  be  weighted  with  the  absorption  coefficient 
characteristics  of  the  angle  of  incidence  of  that  component.  It  is  con¬ 
cluded  that  due  to  the  complexity  of  the  problem,  a  more  thorough  investi¬ 
gation  is  required  before  a  criteria  for  safety;  can  be  established  con¬ 
cerning  scattered  ultraviolet  and  infrared  radiation. 


Qistonce  from  scattering  element 


FIGURE  l  Geonecry  for  Evaluation  of  Single  Scattering 
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FIGURE  2  Absorption  coefficient  of  N2O  as  a  function  of  wavelength 


FIGURE  3  Absorption  coefficient  of  NH3  as  a  function  of  wavelength. 
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Absorption  coefficient  cm  1  Absorption  coefficient  cm 


FIGURE  6  Absorption  coefficient  of  CO2  as  a  function  of  wavelength. 


FIGURE  7  Absorption  coefficient  of  CO  as  a  function  of  wavelength. 
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FIGURE  8  Absorption  of  0.  as  a  function  of  wavelength 
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FIGURE  9  Absorption  of  1^0  as  a  function  of  wavelength 
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GAS  PRESSURES  USED  FOR  ABSORPTION 


}4FA  sgpFypjTS 

(Thompson,  HartecJc,  and  Reeves) 


Gas 

Pressure,  mm 

C02 

700 

00 

660 

02 

720 

Rtf) 

20 

n2o 

326,  2050  -  U000  A 

6,  1850  -  2050  A 

nh3 

760,  2250  -  iiOOO  A 

100,  2250  -  ItOOO  A 

5,  1350  -  2150  A 

0.1,  1850  -  2150  A 

NO 

6* 

S02 

5,  2000  -  iiOOO  A 

0.259,  1850  -  2200  A 

CHU 

750 

* 


®  was  measured  at  low  pressures  to  avoid 
interferences  from  dimerization. 


Variable  obseration 
point  (R,  9) 


FIGURE  18  Scattering  from  small  volume  of  scatterers,  fixed  scattering 
element  and  variable  observation  point. 


FIGURE  19  Scattering  from  a  small  volume  of  scatterers,  fixed  observation 
point,  and  variable  scattering  element. 
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Scattered  light  intensity  relative  to  0° 
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FIGU3E  22  3ean  broadening  due  to  snow:  ,  0.63  ;  path  length,  2 '5  kn. 

Data  of  2/10  and  2/11/64.  excess  attenuations  in  curves  1-5 
are  3*5,  5*0,  13*6,  15*6  and  17*9  db/km  respectively,  correspond¬ 
ing  to  increasingly  heavy  snowfalls.  The  attenuations  are 
measured  at  dead  reckoning,  that  is,  with  the  receiving  apeture 
on  the  maximum  of  the  beam  pattern.  (3=0) 

(by  D.C,  Hogg) 


-410- 


FIGURE  23  The  scattering  of  a  cylindrical  beam  by  a  totally  reflecting 
plume. 
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FIGURE  24  F(0)sin2  9  X  I02  vs  9 


-412- 


Ratio  ol  incident  power  to  hazard  level 
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FIGUR5  25 
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Nonlinear  Effects  -  Possible  Hirh  Intensify  UV  Source 

Franken  and  Ward  (1)  have  postulated  a  schematic  representation  of 
optical  polarization  as  an  illustration  of  the  mechanism  for  second  harmonic 
generation.  The  optical  polarization  as  a  function  of  applied  electric  field 
is  given  by 


P  -  XE  (l+ax  E-tc2Z-  -— ) 

where  X  is  the  normal  linear  optical  polarization  (of  order  unity)  E  is  the 

applied  electric  field  and  aj.  (i=l,2,3,n)  are  nonlinear  coefficients .  If 

the  applied  field  is  E  =*  E^  sir.  wt  the  quadratic  term  in  the  above  expansion, 

2  0  o 

p(2w)  will  be  p(2w)  =  xa,  E  sir.-  wt  *  xa.  (E“/2)  (1-cos  2wt) . 

i  o  _  o 

2 

Since  tr.e  second  harmonic  power  is  proportional  to  p  (2w)(la)  it 
follows  chat 


I  (2w)a  p2(2w)a  E^  a  I2  (w) 

or  the  saetaa  harmonic  power  density  is  proportional  to  the  square  of  the 
•—.aidant  ;.-rar  density.  Since  a.,  is  a  very  small,  appreciable  second 
harmonic  generation  will  occur  only  at  high  incident  power  densities. 
Theories  of  second  harmonic  generation  (2,3)  indicate  that  only  structures 
lacking  inversion  symmetries  will  result  in  second  harmonic  generation. 
Hoxjaver,  effects  of  molecular  interaction  on  local  symmetry  has  been 
observed  (4)  to  result  in  frequency  doubling  from  molecules  which  would 
not  otherwise  support  Che  mechanism. 

Second  harmonic  generation  in  liquids  has  been  reported  by  Terhune 
et  ai  (5).  A  1  megawatt  peak  power,  80  nsec.  Q-switched  ruby  laser  output 
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was  focused  in  H^O,  C  Cl^  and  CH^CN  which  had  been  filtered  through  5. 4 

-13 

millipore  filters.  It  was  reported  that  about  10  the  incident  energy 
emerged  as  scattered  radiation  near  twice  the  laser  frequency.  Prom  the 
diagram  of  the  arrangement  of  equipment  used  in  this  experiment  it  is  con¬ 
cluded  chat  the  second  harmonic  signal  measured  was  the  power  radiated  to 
SO8  —  20a  from  the  direction  of  propagation  of  the  incident  beam.  No  infor¬ 
mation  was  given  concerning  second  harmonic  generation  at  other  angles,  and 
it  was  not  indicated  how  the  measured  value  and  the  ratio  of  second  harmonic 
energy  to  incident  energy  were  related.  Since  the  total  second  harmonic 
generation  appears  to  be  low,  only  minimal  hazard  is  anticipated  from 
second  harmonic  generation  in  liquids  unless  more  efficient  conversion 
efficiencies  are  found. 

Conversion  efficiencies  in  crystals  can  be  much  greater  than  those 
in  liquids,  provided  the  crystals  lack  an  inversion  symmetry  and  possess 
equal  refractive  indicies  at  fundamental  and  second  harmonic  frequencies 
(6,7).  The  latter  condition  is  met  by  proper  orientation  of  crystals  as 
described  by  Giordmaine  (8)  and  Maker  et'al  (9). 


P.D.  Maker  et  al  (10)  have  observed  that  by  focusing  incident  radi- 
3 

ation  a  gain  of  3X10  in  second  harmonic  intensity  may  be  realized  over  the 
unfocused  value.  It  is  estimated  that  this  gain  was  composed  of  a  factor 
of  100  due  to  increased  power  density  and  a  factor  of  30  due  to  mixing 
(beating)  of  divergent  rays.  Consequently  one  may  expect  increased  con¬ 
version  efficiency  under  focused  conditions,  greater  than  that  expected 
from  the  increased  energy  density.  Upon  application  of  these  principles, 
conversion  efficiencies  as  high  as  20%  have  been  achieved  by  focusing  a 
Q-switched  ruby  laser  within  a  properly  oriented  block  of  KH_P0,(KDP)  (11). 
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Efficient  second  harmonic  generation  in  other  crystals  such  as  Li  Nb  0,  (12) 
and  (13)  has  also  been  observed. 

Johnson  (14)  has  produced  ultraviolet  radiation  (2650  X)  from  infrared 
(1.06^)  by  quadrup lying  the  frequency  of  a  Q-switched  10  megawatt  Neodymium- 
in -glass  laser  using  two  KDP  crystals  in  sucession.  The  conversion  effiai- 
encies  were  22  from  the  HI  (I.O64)  to  visible  (5300  X)  and  12  from  the  visible 
to  UV  (2650  X)  resulting  in  a  combined  efficiency  of  0.022.  Johnson  points 
out  that  the  experiment  was  performed  with  the  incident  laser  beam  unfocused 
to  prevent  damage  to  the  KDP  crystal.  He  estimated  that  had  the  beam  been 
focused,  conversion  efficiency  at  the  first  crystal  would  have  been  approxi¬ 
mately  202  and  the  resulting  increase  in  incident  radiation  at  the  second 
crystal  would  have  increased  its  efficiency  also.  The  ultraviolet  power 
level  at  2650  X,  would  consequently  have  been  raised  from  the  observed  level, 
2.4  Kw,  to  approximately  100  Kw  (15). 

Efficient  second  harmonic  generation  in  optically  active  amino  acids 

has  been  reported  by  Rieckhoff  and  Peticolas  (16).  The  ultraviolet  signals 

were  established  as  a  second  harmonic  rather  than  some  other  luminescence 

by  accurate  determination  of  spectral  content.  A  very  narrow  line  at  the 

second  harmonic  frequency  was  interpreted  as  sufficient  evidence  of  second 

harmonic  generation  rather  than  florescence.  A  10  megawatt  Q-switched  ruby 

laser  (6943  X)  was  focused  7cm  behind  the  sample  to  be  tested  with  a  15  cm 

2 

focal  length  lens  resulting  in  roughly  40  megawatts /cm  at  the  sample.  The 
samples  were  in  the  form  of  a  layer  of  powder  thick,  enclosed  between 
a  microscope  glass  slide  and  a  cover  glass.  The  authors  indicated  that  the 
conversion  efficiency  of  the  amino  acids  tested  were  as  much  as  three  and 
four  times  that  of  KDP.  This  statement  is  highly  questionable  since  the 
conversion  efficiency  of  KDP  can  be  as  high  as  202.  The  authors  indicated 
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that  particular  acids  may  be  capable  of  supporting  the  mechanism  when  in 
the  form  commonly  found  in  cells.  No  experimental  work  of  this  nature  was 
reported  however. 

Another  nonlinear  mechanism,  Raman  scattering,  results  in  secondary 
emission  at  frequencies  other  than  harmonics  of  the  incident  radiation.  Fol¬ 
lowing  interaction  of  a  quantum  of  light  energy  ,  hvQ  ,  with  an  atom  of  molecule 
of  energy  Eq,  the  atom  or  molecule  is  excited  to  state  E^.  If  it  returns  to 
its  original  state  with  emission  of  a  photon  the  energy  of  that  photon  is 
hv„and  Rayleigh  scattering  is  produced.  If  it  returns  to  a  state  of  other 
than  the  original,  E^  then  emitted  photon  will  have  energy  hv^ -  E^-E^.  W^en 
E^>  E^,  hv^<  hv^  and  the  energy  and  frequency  of  the  emitted  photon  are  les3 
than  those  of  the  incident  photon.  If  E^<  E^,  hv^>  hv^,  and  the  emitted 
photon  is  of  higher  frequency  and  energy  than  the  incident  photon.  The 
former  case  is  referred  to  as  Raman  Stokes  radiation  and  the  latter,  Raman 
anti-Stokes  Radiation. 

Most  Raman  scattering  results  from  spontaneous  emission  in  which  case 
the  scattered  radiation  will  be  incoherent  and  diffuse.  However,  if  the 
Raman  radiation  is  present  in  sufficient  intensity  or  if  the  Raman  and 
exciting  radiation  are  incident  on  the  medium  simultaneously,  stimulated 
Raman  scattering  will  occur.  A  detailed  review  of  both  experimental  and 
theoretical  work  concerned  with  Raman  scattering  has  been  compiled  by 
Stoicheff  (17)  and  detailed  theory  of  stimulated  Raman  scatter  is  discussed 
by  Garmire  et  al  (18)  and  Javan  (19). 

Some  of  the  interesting  properties  of  stimulated  Stokes -Raman  scatter¬ 
ing  have  been  reviewed  by  Eckhardt  et  al  (20) .  They  report  an  apparent 
threshold  for  stimulated  Raman  radiation  production.  The  resulting  radi¬ 
ation  is  coherent,  collimated  in  the  direction  of  the  incident  beam  and  is 
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contained  in  a  series  of  narrow  spectral  lines.  The  intensity  of  the 
stimulated  radiation  was  reported  to  be  as  high  as  10%  the  incident  radl- 
ation.  Stimulated  anti-Stokes -Raman  radiation  has  been  reported  by  Terhune 
(21)  and  Stoicheff  (22).  The  observed  stimulated  anti-Stokes  radiation 
was  of  intensity  comparable  to  that  of  the  incident  beam  and  was  confined 
to  cones  10  min  (0.157°)  wide  within  a  few  degrees  of  the  forward  direction. 
Several  orders  of  anti-Stoke3  radiation  were  observed,  all  of  narrow  line 
width.  As  with  stimulated  Stokes -Raman  scattering  there  was  an  apparent 
threshold  for  stimulated  anti -Stokes  radiation. 

Hazards  may  arise  from  nonlinear  effects  in  both  experimental  targets 
and  biological  material.  Rieckhoff  and  Peticolas  (23)  have  noted  that 
ultraviolet  radiation  generated  due  to  nonlinear  effects  at  specific  sites 
in  biological  substances  may  be  absorbed  by  surrounding  constituents. 
Consequently  it  is  concluded  that  media  which  are  normally  optically  inactive 

at  the  frequency  of  incident  radiation  may  be  effected  when  nonlinear  effects 

•  - 

are  significant. 

Production  of  ultraviolet  radiation  due  to  nonlinear  and  Raman  effects 
in  experimental  targets  could  possibly  present  a  hazard  to  exposed  surfaces 
of  observers.  This  is  due  to  the  fact  that  the  absorption  spectra  for  bio¬ 
logical  media  a  abs  (X),  including  the  superficial  layer  of  the  eye,  tends 
to  increase  in  the  near  ultraviolet. 

By  dissection  of  a  rabbit  eye  and  reassembling  the  various  components 
in  quartz  envelopes  in  a  manner  such  as  to  duplicate  their  original  geometry, 
Kinsey  (24)  attempted  to  measure  the  absorption  characteristics  of  ocular 
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constituents  in  the  ultraviolet  region.  He  concluded  from  his  measurements 
that  almost  all  of  the  light  (in  the  UV)  incident  on  a  whole  rabbit  eye 
which  is  not  reflected  will  be  absorbed  before  reaching  the  retina.  No 
information  was  reported  concerning  the  fraction  of  incident  light  that 
was  reflected.  Absorption  measurements  made  with  this  technique  may  not 
necessarily  yeild  information  concerning  the  fraction  of  incident  radi¬ 
ation  absorbed  in  the  different  parts  of  the  reconstructed  globe.  Kinsey 
observed  that  abosrption  in  the  aqueous  and  vitreous  humor,  and  in  the 
cornea,  peaks  at  3000  £  while  the  corneal  epithelium  absorbs  most  strongly 
at  2900  1. 

Veroeff  and  Bell  (25)  have  noted  that  due  to  high  ultraviolet  absorp¬ 
tion  of  the  anterior  part  of  the  eye  adverse  effects  will  depend  on  the 
total  energy  density  at  the  surface  from  all  angles  rather  than  the  amount 
of  incident  from  specific  angles  as  in  the  case  in  the  visible  region. 
Consequently,  in  contrast  to  visible  radiation,  the  effects  of  a  distributed 
source  of  radiation  are  much  the  same  as  those  of  a  point  source. 

The  threshold  for  damage  to  the  corneal  epithelium  was  found  by 

'  2 

Cogan  and  Kinsey  (26)  to  be  approximately  0.01  joule/cm  at  peak  sensiti¬ 
vity  (2300  £)  while  Verhoeff  and  Bell  (27)  found  that  the  threshold  for 
nonmono chromatic  ultraviolet  light  was  roughly  ten  times  that  required  at 
peak  sensitivity.  Unfortunately  no  reference  was  made  to  time  dependence 
in  either  study  (or  spectral  distribution  in  the  study  of  Verhoeff  and  Bell). 
Although  damage  at  these^levels  is  to  a  great  extent  reversible,  one  may 
consider  0.01  joules/cm  a  hazard  level  since  at  least  temporary  visual 
impairment  will  be  associated  with  the  resulting  disturbances. 

Ocular  shielding  which  will  allow  safe  observation  of  experiments 
becomes  extremely  difficult  when  inelastic  (frequency  shifted)  scattering 
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is  significant,  This  is  due  to  the  fact  that  resulting  radiation  will  be 
contained  at  several  wavelengths  in  addition  to  that  of  the  incident  radi¬ 
ation.  The  optical  shield  would  consequently  be  required  to  attenuate  light 
only  at  a  number  of  discrete  frequencies. 
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Gas  Lasers 


The  first  sustained,  continuous  laser  output  was  produced  using  a  gas 
mixture,  the  helium- neon  system,  which  operated  in  the  infrared  with  an 
output  power  on  the  order  of  one  milliwatt  (1).  In  1962,  a  review  paper 
by  Bennett  (2)  listed  some  fifty-three  gas  laser  wavelengths  in  pure  gases 
and  mixtures.  Laser  transitions  were  identified  in  neon,  cesium,  oxygen, 
helium,  argon,  krypton,  and  xenon.  Today,  over  500  transitions  have  been 
observed  in  various  gases  and  vapors  and  it  seems  likely  that  this  number 
will  increase  significantly  over  the  next  three  years. 

The  high  coherence  properties,  directionality,  stability,  and  range 
of  wavelengths  of  gas  and  vapor  lasers  suggest  many  applications.  In 
addition  to  the  improved  optical  instruments  that  can  be  fashioned  by  and 
with  them,  gas  lasers  have  many  potential  uses  in  communications,  range 
.  finding,  plasma  diagnostics  and  optics.  In  fact,  the  gas  laser  comes 
closest  to  exhibiting  all  the  properties  of  an  ideal  laser.  Although  peak 
powers  do  not  approach  those  attained  with  the  ruby  or  neodymium  systems, 
the  gas  laser  is  widely  used  in  research  and  teaching. 

The  present  state  of  the  art  of  gas  lasers  is  summed  up  very  well  in 
a  recent  paper  by  Bennett  (3).  At  present  more  than  $00  lines  are  known  to 
exhibit  laser  action  either  continuously  or  under  pulsed  exitation.  Laser 
wavelengths  range  from  the  ultraviolet  (neon  2678. 8A)  to  the  infrared 
(HCN  337  microns).  Power  outputs  may  be:  continuous,  from  a  fraction  of  a 
milliwatt.- to  almost  20  watts  (ionized  argon);  pulsed,  20-U0  nanoseconds, 
up  to  100  watts  (nitrogen);  quaai-CW,  several  watts  for  several  milli¬ 
second  pulses  in  argon.  Lasing  action  has  been  observed  in  the  following 
gases  and  vapors,  over  the  wavelength  ranges  indicated  (3). 
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1.  Argon : 

86  lines 

(strong  lines  from  35H-5H5A) 

2753  A-26.95u  1 

! 

1 

2.  Bromine i 

4  lines  in  region  of  8iil;6A  i 

3.  Carbon: 

9  lines 

U6U7  A-5.5956u 

( 

lx.  Cesium: 

2  lines 

3.20Uu  and  7.1821u 

■  f 

1 

5*  Chlorine: 

11  lines 

U781  A-2.20603U 

6.  Helium: 

2  lines 

1.95U3u  and  2.0603u 

(' 

7.  Iodine: 

8  lines 

5U07.1*  A-3.U31u 

8.  Krypton: 

59  lines 

3050  A-7.0565u 

D 

9.  Mercury: 

25  lines 

U797  A-1.813U 

r 

1 , . 

10.  Neon: 

155  lines 

(line  at  3«39u  has  gain 
uOdB/raeter) 

2678.6A-132.8u 

r  ' 

» 

) 

11.  Nitrogen: 

9  lines 

3U78.7A-l.U5U7u 

i  . 

12.  Oxygen: 

13  lines 

298U.6  A-8UU6.37A 

' 

13.  Sulfur: 

2  lines 

1.0U55u  and  I.O636U 

! 

Hi.  Xenon: 

6ii  lines 

(line  at  3»50?u  has  highest 
gain  60  dB/meter) 

2983.8A  -  18.5u 

\ 

15.  CO  three  visible  bands 

(Carbon  Monoxide) 

5590.6  A-6613.5u 

\ 

1 

) 

16.  CO 2  two  bands 

(Carbon  dioxide) 

9u  and  lOu 

17.  16  unidentified  transi- 

(Deuteriura  Oxide)  tions 

from  33.9u-107.7u 

18.  N2 

lx  bands 

8683.5A-1.23U7u 

19.  Ammonia 
(NH^  NH3, 

7  wavelengths 

NHU) 

21.U7u-31.?5u 

1  . 

20.  H2O  (water  vapor)  (32  unidentified  transitions) 

I 

21.  NjO  (Nitrous  Oxide)  one  band 

region  of  10. 8u 

i 

i 

22.  HCN  (Hydrogen  Cyanide) 

region  of  337  microns 
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Hazards 

The  dispersion  orr'beara  spread  of  the  laser  beam  from  gas  lasers  is 
extremely  small,  characteristically  in  the  range  of  ten  milliradians  or  less 
(see  Fig*  l)«  Thus  marcy  gas  lasers  can  be  hazardous  to  the  eye.  Retinal 
damage  thresholds  for  viLsible  gas  laser  radiation  have  not  been  firmly 
established  at  any  wavelength*  However,  it  seems  reasonable  to  assume 
approximately  1  joule/ ca  as  a  hazard  threshold  at  a  diffraction  limited 
retinal  spot  of  the  ordier  of  lOOu^,  baaed  on  the  comprehensive  studies  of 
Wam  and  Geeraets  (8,9)*-  In  this  approximation  a  milliwatt  laser  will  produce 
a  radiant  power  density  at  the  retina  of  10^  watts/ca^  which  will  deliver 
a  total  energy  density  of  1  joule/cm-  in  10"^  seconds,  or  the  apparent 
threshold  for  damage.  This  also  shows  that  the  low  power  lasers  of  100 
microwatt  power  output  may  be  hazardous  in  that  a  retinal  lesion  could 
oossibly  be  caused  by  a  10  milli-second  exposure,  a  time  short  compared  to 
the  blink  reaction  time  which  is  of  the  order  of  100  ailli-seconds  (10). 

The  exact  thresholds  for  optical  retinal  damage  with  gas  lasers  and  other 
lasers  are  far  from  established.  Recent  studies  indicate  that  retinal 
irreversible  injury  thresholds  for  pulsed  irradiation  may  be  as  low  as 
O.lii  joules/cm^,  non-Q-switched  ruby  at  69U3  A  (U),  and  as  low  as 
0.07  joules/cm^,  Q-switched.  Further  studies  in  this  area  is  needed 
since  the  number  of  applications  of  low  power  gas  lasers  is  increasing. 

Both  irreversible  and  reversible  eye  damage  thresholds  for  infrared  and 
ultraviolet  lasers  also  have  not  been  established,  although  liminal  dosage 
for  the  onset  of  conjunctivitis  due  to  non-laser  ultraviolet  wavelengths 
has  been  studied  as  is  pointed  out  in  the  section  on  Flash  lamps ..  The Vhaa- 
ards  here  may  be  to  regions  of  the  eye  other  than  the  retina  and  con¬ 
junctiva  depending  on  the  absorption  characteristics  of  the  various 
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regions. 

There  is  some  specific  information  available  concerning  skin  erythema 
and  its  production  by  ultraviolet  radiation  of  different  wavelengths  (12,13). 
This  in  itself  is  a  distinct  hazard,  usually  reversible,  but  can  be  painful. 
The  possible  carcinogenic  effects  of  such  radiation  consequently  cannot  be 
overlooked  as  a  long  term  hazard.  The  threshold  of  ultraviolet  erythema 
has  been  established  at  various  wavelengths  (12,13),  and  at  the  most  sens¬ 
itive  wavelength  (Table-!.  ),  296?  A,  is  U30  microwatts/cm^  for  2  minutes 

exposure.  Extrapolating  under  the  assumption  of  reciprocity  ( cumulative 

_2 

exposure-energy-density),  this  threshold  may  be  stated  as  5*16  X  10 

2 

joules/ca  .  Thus  even  milliwatt  continuous  outputs  of  any  of  the  lasers 

listed  as  producing  wavelengths  shorther  than  3000  A  can  present  serious 

erythemal,  and  possible  carcinogenic,  hazards.  For  example,  at  the  3002  A 

line  in  Argon  II,  a  one  milliwatt  laser  output,  focused  to  a  0.1  mm  spot 

2 

would  deliver  10  watts/cm  to  the  region.  Using  an  erythemal  effectiveness 
of  50 %  (Table  -II ),  a  one-tenth  second  exposure  should  produce  a  perceptible 
erythemal  response  on  normal  untanned  skin. 

Perhaps  the  next  most  important  hazard  of  gas  lasers  is  the  fact  that 
users  are  not  properly  warned  concerning  the  potential  hazard  of  viewing 
even  a  ten  times  attenuated  one  milliwatt  He-Ne  beam.  The  relatively  low 
power  output  of  small  gas  lasers  does  not  suggest  the  potential  hazard  than 
can  exist.. 

Another  hazard  associated  with  gas  lasers  is  the  reflected  beam  from  the 
discharge  tube  windows.  Jfcst  gas' lasers  have  discharge  tubes  terminated  at 
the  ends  by  Brewster  angle  windows.  The  windows  are  set  at  a  specified  angle, 
the  Brewster  angle,  to  the  discharge  tube  axis  (about  35°),  in  order  that  the 
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laser  amplifies  only  a  selected  polarization  (See  section  on  Polarization). 

In  open  structures,  where  the  Brewster  angle  windows  are  not  shielded,  a 
certain  fraction  of  the  beam  is  reflected  at  both  windows  out  of  the  optical 
cavity  at  an  angle  of  approximately  70°  to  the  beam  axis.  The  presence  of 
these  reflected  beams,  nearly  orthogonal  to  the  laser  axis,  of  lower  power 
than  the  main  laser  beam  can  increase  the  potential  hazards  in  the  laboratory. 
However,  proper  shielding  can  eliminate  this  hazard. 

Other  hazards  to  be  considered  with  respect  to  personnel  are:  back- 
scatter  radiation  from  targets,  possible  carcinogenic  effects  of  ultraviolet 
radiation  from  both  direct  short  wavelength  laser  irradiation  and  radiation 
emitted  from  unshielded  quartz  discharge  tubes.  This  latter  radiation  hazard, 
unevaluated  as  yet,  may  be  particularly  significant  in  the  high  repetition 
rate  pulsed  gas  lasers  and  ionized  gas  lasers  where  high  density  plasmas  are 
present.  However,  plasmas  are  also  present  in  most  other  gas  laser  dis¬ 
charge  tubes.  The  He-Ne  gas  laser  in  particular  ordinarily  uses  a  quartz 
or  vycor  tube  discharge  tube  and  in  most  commercial  units  is,  at  best,  only 
partially  shielded.  Since  quartz  and  vycor  transmit  ultraviolet  with  wave¬ 
lengths  as  short  as  2C00  A,  ultraviolet  radiation  is  present,  but  is,  as  yet, 
unevaluated  with  respect  to  intensity  and  spectral  distribution.  The  spectral 
distribution  of  ultraviolet  radiation  is  important  in  skin  erythema  considera¬ 
tions  and  may  have  similar  importance  in  ophthalmological  considerations. 

Table  I  shows  the  relative  effectiveness  for  the  production  of  skin  erythema 
with  ultraviolet  radiation  (12). 

Ultraviolet  gas  lasers  should  be  shielded  since  prolonged  exposure  to 
such  radiation  from  continuously  operating  discharge  tubes  may  be  hazardous. 

Gas  Laser  Potential  for  Next  Three  Tears 

The  estimates  made  by  3ennett  (2)  in  1?62  when  compared  to  his  recent 
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review  of  the  state  of  the  art  of  gas  lasers  (3)  show  a  remarkable  change 
in  the  field.  His  estimates  of  power  to  be  achieved  have  been  exceeded  by 
almost  an  order  of  magnitude.  The  additional  laser  transitions  found  in  the 
last  three  years  is  a  full  order  of  magnitude  increase  from  1962.  In  short, 
the  whole  area  of  gas  lasers  has  expanded  very  rapidly.  Two  significant 
contributions  to  the  expansion  are  tne  non-steady  state  inversions  attained 
in  fast  pulsed  discharges,  and  the  increased  powers  attainable  in  ionized 
gas  lasers  (U,5,6). 

Most  gas  lasers  are  four  level  systems.  That  is,  a  population  inversion 
is  maintained  between  two  levels,  #2  and  #1.  The  upper  level,  # 2,  undergoes 
stimulated  emission  to  the  lovjr  state  #1.  State  jgt  is  depopulated  by 
spontaneous  emission,  not  to  the  ground  state,  but  to  an  intermediate,  long 
lived,  metastable  state  , ?3.  Before  the  atom  can  again  contribute  to  laser 
action  it  must  return  to  the  ground  state  #lt,  where  it  can  be  repumped  to 
state  #2.  The  fact  that  the  intermediate  state  #3  is  metastable  hinders  the 
decay  of  this  state.  Processes  must  come  into  play  which  can  cause  an  atom 
in  the  metastable  state  to  return  to  state  #U.  In  these  circumstances  the 
population  inversion  density  versus  pumping  rape  can  saturate  or  even  decrease. 
This  so  called  metastable  "'bottle-neck"  has  prevented  most  lasers  from  achiev¬ 
ing  higher  power  outputs  or  more  efficient  operating  conditions.  The  ionised 
gas  laser  seems  to  be  the  first  step  in  overcoming  this  metastable  drawback. 
Although  efficiency  is  low,  0.010^,  no  distinct  saturation  limit  on  pumping 
rate  versus  power  output  has  yet  been  observed.  It  seems  readily  apparent 
that  ion  lasers  will  increase  their  power  outputs  by  one  or  two  orders  of 
magnitude  in  the  next  three  years,  achieving  power  levels  of  100  watts  to  - 
1  kilowatt  continuous.  However,  efficiency  may  possibly  be  increased  by  a 
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factor  of  10  or  100  v~ich  would  still  be  a  low  efficiency,  relative  to  semi¬ 
conductor  lasers. 

In  addition  to  uhe  ion  lasers,  a  new  class  of  lasers  has  been  proposed 
(3,7)  called  collision  lasers,  wherein  the  metastable  problem  can  be  overcome 
by  playing  various  atonic  collision  processes  against  one  another.  According 
io  Bennett.  (3),  power  outputs  of  a  few  watta/em  per  unit  lasing  volume  at 
$0%  efficiency  is  not  an  unreasonable  figure  to  consider  as  possible.  This 
could  possibly  permit  power  levels  of  the  order  of  10  to  100  watts  contin¬ 
uous  to  be  achieved  with  this  system.  Gould  (7)  also  discusses  potential 
designs  of  gas  lasers  with  efficiencies  of  20%  or  better.  He  also  suggests 
the  possibility  of  multijoule  pulsed  gas  lasers  operating  in  the  infrared. 

It  is  indeed  very  likely  that  high  power  output  gas  lasers  operating  in 
the  infrared  will  become  available  in  the  next  few  years.  This  potential 
is  further  enhanced  by  the  recent  operation  of  a  16  watt,  CC^N  laser  at  hO% 
efficiency  in  the  region  of  10  microns  by  Patel  (1U). 
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TABLE  I 


The  relative  spectral  erythemic  of  the  untanned  human  skin,  of  average 
pigmentation,  to  equal  amounts  of  radiant  energy.  (From  Coblentz) 


Wavelength  (Angstroms)  Response 

2^00  0.56 

2500  0.57 

2600  0.42 

2700  0.14 

2804  0.06 

2900  0.31 

2950  -  0.98 

2967  1.00 

3000  0.83 

3100  0.11 

3200  0.005 

3300  0.000 
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Flash  Lamps  -  Assoc is  tad  dczards 

Tha  use  of  flash  lamps  for  pumping  lasers  is  widespread  and  historically 
is  the  oldest  method  of  laser  excitation.  The  considerations  which  follow 
discuss  the  present  state  of  the  art  in  flash  lamps  or  optical  pumping 
devices  and  indicates  the  hazards  associated  with  their  use.  The  car® 
flash  lamp  is  rather  generic  and  to  be  more  specific,  the  optical  punping 
methods  to  be  considered  here  will  be: 

1.  Conventional  gas  filled  cubes,  both  linear  and  helical 

2.  annular  discharge  tubes 

3.  Indue cively  coupled,  theta  pinch  discharges 

4.  Exploding  wires. 

1-  Conventional  Flash  lamps. 

These  lamps,  in  both  linear  (including  Pi  geometry)  and  helical 
shapes  are  available  commercially  as  very  small  lamps,  one  inch  or  less 
arc  length,  raced  at  a  few  joules  co  cubes  with  six-foot  arc  lengths, 
capable  of  loadings  in  excess  of  2C0.G00  joules.  The  major  manufacturers 
of  such  tubes  are  listed  in  Table  I. 

Characteristically  the  larger  tubes,  six- inch  arc  length  or  longer, 
0enerate  very  incense  bursts  of  optical  radiation  for  time  durations  of 
the  order  of  a  few  milliseconds.  Tha  actual  maximum  tube  loading  per  inch 
arc  length  is  a  function  of  che  discharge  time  and  the  tube  bore  size. 

Figura  I  is  a  graph  depicting  the  blow  up  ratings  of  various  diameter, 
l_.-.ear  tubes  and  a  derating  guide  for  various  operating  conditions. 
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The  lighc  output  from  flash  lacips  has  a  spectral  distribution 
governed  by  parameters  such  as: 

1.  cy pe  of  fill  (i.e.  Xa,  A,  Oji  Ha,  etc.) 

2.  Fill  pressure 

3.  Discharge  characteristics  (current  density,  discharge  tine,  etc.) 

An  important  consideration  ir.  the  use  of  these  leaps  is  che  spectral 

conversion  efficiency.  This  is  a  function  of  the  above  paraceters  and 

essentially  tells  how  uuch  of  the  input  electrical  energy  is  converted 

to  optical  radiation  at  various  optical  wavelengths.  Generally  the 

s.-eccral  distribution  of  the  radiant  energy  is  characterized  by  lines 

superimposed  on  a  continuous  bac'.cgrour.c.  Thera  appears  to  be  no  coherent 

description  which,  in  sir.pia  fora,  enables  one  to  predetermine  ell  the 

properties  of  a  giver,  flash  lamp.  Considerable  evidence  is  given  by 

l.urshak  (1)  however  and  some  general  observations  are  given.  The  total 

conversion  efficiency  for  the  conversion  of  electrical  energy  to  radiated 

o  f  0 

opcical  energy  in  tne  12,000  A  -  2  000  A  interval  tends  to  a  single  limit 
independent  of  gas  fill  under  special  conditions.  This  conversion  efficiency 
increases  somewhat  with  the  atomic  weight  (the  reason  most  tubes  are 
filled  with  Xenon)  of  the  gas  but  is  nearly  the  same  for  gas  pressures  on 
che  order  of  100  ma  Hg,  for  tube  radii  of  6-12  an  and  for  the  electric 
field  across  che  cube  about  100  volts  per  cm  (1).  As  a  general  rule  of 
thumb,  the  overall  conversion  efficiency  in  this  case  is  about  50%  -  60% 
of  the  input  energy  (29).  The  balance  of  the  energy  is  lost  in  heating  the 
tube,  vaporizing  parts  of  the  tube  and  electrodes  and  heating  in  che  external 
leads  (1,3). 


The  spectral  distribution  of  the  err.it ted  radiation  covers  the  wave- 

o  o 

length  interval  from  below  12,000  A  to  core  than  2,000  A  and  is  determined 

/ 

largely  by  the  maximum  current  density  which  flows  during  the  discharge 

(1, 2,4,5 ,6 ,7 , 9) .  At  relatively  lew  current  densities,  below  1,000  amps/ 

cm",  the  spectral  distribution  is  practically  uniform  across  the  entire 
o  o 

spectrum  from  3000  A  to  12,000  A,  with  some  prominence  in  the  infrared, 

2 

As  the  current  density  is  increasec  to  the  region  of  2000  amps/cm“  the 

infrared  begins  to  saturate.  As  the  energy  and  current  density  in  the 

discharge  is  increased  the  spectrum  shifts  towards  the  blue  as  shown  in 

Figure  II.  The  shift  in  spectral  energy  distribution  continues  further 

rewards  the  violet  with  saturation  of  output  in  the  visible  region  occurring 

in  ;he  vicinity  of  6000  -  7C00  amperes/cm-  (7).  Higher  current  densities 

have  been  achieved  using  praicr.izir.g  techniques  (double  pulsing)  (4,5,6). 

At  current  tensities  of  20,000  amps / cm “  the  spectral  distribution  is  suer. 

o 

that  the  ultraviolet  (4500  A  and  shorter)  makes  up  nearly  2071  of  the  output 

while  the  visible  (4000  -  7000)  is  about  5071  of  the  output  and  the  infrared 
o 

(7000  -  12,000  A)  about  107.  (4,5 ,6).  A  problem  that  occurs  repeamedly  in 
the  literature  is  that  no  one  researcher  shows  che  full  spectral  distri¬ 
bution  of  the  flesh  lamps  studied.  The  above  figures  must  be  regarded 
with  some  caution  since  they  represent  an  approximate  interpretation  of 
che  results  of  several  investigators. 

The  largest  linear  tubes  chat  are  commercially  available  in  the  United 
States  today  have  a  loading  capability  of  20Q06G  joules.  Helical  tubes  are 
also  manufactured  with  input  racings  up  to  240,060  joules  (see  Table  I). 
Ho..-ve r  the  maximum  cube  ratings  are  giver,  in  terms  of  joules/ inch  of 
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various  diameter  cubes  (Fig.  I)  wich  no  limitation  on  length.  Ic  is  thus 
v.uice  possible  co  cheorecically  manufacture  cubes  of  ar.y  energy  racing 
desired.  The  practical  liait  in  langch  appears  dictated  by  the  application. 

In  the  laser  field  this  appears,  at  present,  to  be  limited  to  tubes  with 
ai.  are  length  of  1.8  asters  (about  6  feet).  In  1962  the  Russians  reported 
operation  of  linaar  tubes  wich  an  arc  length  of  1  meter  at  loadings  in 
encass  of  100,000  joules  (1).  Their  continued  work  in  the  area  of  higher 
energy  flash  lamps  does  not  sees  to  be  in  the  open  literature. 

Tha  most  popular  type  of  linear  flash  lanp  is  that  represented  by 
t>-  TGc.0  F”-d7 ,  tha:  is,  a  13  cm  tore,  10  cm  arc  length  ,  10,000  joules 
loading.  Xenon  filled  cube.  Typical  pulse  operation  with  this  type  flash 
cade  is  about  10,0C0  joule  input  for  pulse  times  between  1  and  3  milliseconds. 
7c_-  this  loading,  the  total  radiation  energy  will  be  approximately  5,000 
__ colas.  Similarly  a  200,000  joule  cube  will  radiate  about  100,000  joules 
in  optical  energy,  based  on  a  5071  conversion  efficiency. 

2.  Annular  Flash  Lagos 

Flash  lamps  based  on  a  discharge  in  an  annular  section  between  ring 
electrodes  have  been  used  in  flash  phocolysis  (8)  and  laser  pumping  (7). 
Annular  lamps  have  been  compared  co  helical'  lamps  by  Keubler  and  Nelson  (9) 
and  to  linear  lamps  by  Church  ac  al  (7).  A  schematic  drawing  of  an  annular 
lac?  is  shown  in  Figure  III.  Kuebler  reporta  efficiencies  an  order  of 
magnitude  below  that  of  helical  lamps  when  the  outer  wall  of  the  annular 
lump  is  opaque.  Church,  on  the  other  hand,  with  a  heavy  coating  of 
reflective  magnesium  oxide  covering  the  outer  wall  of  the  lamp  reports 
ruby  laser  pumping  efficiencies  of  0.5%,  which  is  comparable  to  the 
efficiencies  obtained  with  linear  and  helical  flesh  lamps. 
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3.  Theca  Pinch  Lamps 


The  recent  application  of  the  theca  pinch  discharge  to  laser  pumping 

(10.11.12.13.14.15)  has  introduced  a  new  concept  of  optical  pumping. 
Primarily  the  theta  pinch  is  an  inductively  coupled,  electrodeless  dis¬ 
charge  of  similar  geometry  to  the  annular  tube  , except  that  the  current 

/ 

flows  circumferentially,  wherein  relatively  high  energy  electrons  excite 
resonant  atomic  transitions  which  enic  the  radiations.  In  this  procedure 
Che  conversion  efficiency  of  pulse  energy  to  radiated  energy  is  very  high 
and  thus  the  temperature  of  the  light  source  remains  low.  Since  initial 
gas  pressure  is  low,  a  few  sra  of  Hg,  and  the  atoms  and  ions  do. not  gain 
appreciable  kinetic  energy  ,  the  shock  affects  for  short  discharge  times 
is  noc  a  limiting  factor  on  operation  as  it  is  in  the  case  of  che  much 
higher  pressure  Xenon  flash  lamps.  Thus  much  faster  light  flashes  can 
be  obtained. 

Order  of  magnitude  conversion  efficiencies  lie  in  che  range  507.  -  907. 
of  the  induced  energy.  However,  due  to  leakage  inductance  effects  no  more 
than  507.  of  the  stored  electrical  energy  can  be  delivered  to  the  tube. 

The  overa.l  efficiency  of  the  theta  pinch  tube  thus  lies  in  the  range 
20%  -  40%  of  the  initially  stored  energy. 

The  output  spectral  distribution  is  reasonably  flat  across  che_encire 
optical  region,  in  Argon,  at  initial  stored  energies  up  to  800  joules  (14), 
There  is  little  information  concerning  spectral  distribution  at  other 
loadings  and  in  other  gases,  but  the  suggestion  has  been  advanced  that  the 
spectral  distribution  nay  be  easily  selecced  by  proper  choice  of  gas  fill 

(13.14.15) ,  and  that  the  ultraviolet  predominates  at  higher  loadings. 
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Theca  pinch  discharges  as  shore  as  2  nsec  have  been  used  in  laser 
pumping  experiments  with  loadings  up  to  800  joules  (10,11,12,14).  These 
lamps  were  unshielded  except  for  the  current  induction  coil  which  was 
wound  around  the  periphery  of  the  tube.  Theta  pinch  discharges  have  also 
been  operated  with  30  nsec  rise  times  at  1,500,000  joule  loading  by  Kolb 
and  others  (15).  These  large  devices  were  extensively  shielded  to  prevent 
the  emitted  radiation  from  entering  the  ambient  atmosphere.  This  precaution 
was  necessary  cue  tP  che  very  high  peak  power  radiation  which,  when 
absorbed  by  Che  air  in  the  vicinity  of  the  tube,  created  an  intense  shock- 
wave  sufficient  to  destroy  the  tuba.  Kolb  indicates  that  at  loadings 
in  excess  of  1000  joules  the  spectral  distribution  should  be  enhanced 
significantly  in  the  ultraviolet,  determined  mostly  by  the  radiation  from 
the  fast  electrons. 

4.  Sxolodinc:  wires. 

Various  exploding  wire  light  sources  have  been  used  in  experimental 
laser  pumping  studies  at  discharge  times  as  short  as  Snseconds  and 
loadings  up  co  16,000  joules  per  wire  (16,27).  The  spectral  conversion 
efficiency  appears  to  be  similar  to  that  of  Xenon  flash  lamps.  The  work 
of  Church  et  a_l  (15)  seems  to  indicate  that  the  exploding  wire  light 
source  is  not  as  well  suited  for  laser  pumping  as  the  more  conventional 
flash  lamps. 

vlash  '.amn  Xazards. 

The  most  obvious  hazards  from  the  intense,  transient  radiation  from 
flash  lamps  and  similar  devices  are  irreversible  and  reversible  damage 
co  the  eye  (17).  A  worst  case  analysis,  under  certain  assumptions,  can 


indicate  at  least  the  minimum  safe  viewing  distance  at  which  irreversible 
retinal  damage  and  reversible  external  radiation  effects  say  be  minimal. 
Other  flash  lamp  hazards  include  ultraviolet  erythema  and  possible  carcino¬ 
genic  effects,  X-ray  production,  electrical  shock  hazards,  flash  lamp 
explosion  and  the  possible  production  of  poisonous  gasses  and  vapors. 

Optical  Radiation  Hazards. 

Linear  flash  lamps  ,  and  to  a  good  approximation,  helical  lamps  are 
essentially  line  radiation  sources.  Their  radiant  power  distribution 
does  not  follow  the  ordinary  distribution  for  a  point  light  source.  For 
a  line  source  the  radiation  pattern  is  essentially  toroidal  (17)  as  shown 
in  Figure  IV.  At  a  distance  R  from  the  lamp  (R  greater  than  the  largest 
lamp  dimension)  the  radiation  energy  varies  from  a  minimum  at  9  =  90°. 

Thus  at  R,  the  surface  energy  density,  for  a  lamp  energy  output  of 
joules  is: 


1 

^R,o  2  -2  “o 

Z  a. 

with  the  Lambertian  angular  dependence  at  any  9, 


cos  9 


The  optical  radiation  hazards  from  intense  transient  light  sources 
can  be  best  evaluated  on  a  worst  case  basis.  The  worst  case  conditions 
to  be  assumed  here  are: 
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The  lamp  is  unshielded. 


2.  A  potential  observer  is  located  perpendicular  to  the  tube  axis 

at  the  aid-point  of  the  tube,  that  is  6=0° 

3.  The  observer  is  completely  dark  adapted  with  a  pupil  area  of 

1  cm2  (for  retinal  damage) 

4.  For  light  focused  by  the  eye  the  retinal  spot  size  is  100  sq. 

mi a fa ns . 

5.  The  threshold  for  retinal  damage  is  1  joule/cm2  and  that  this 

value  holds  for  flash  times  from  a  few  microseconds  to  a 
few  milliseconds  * 


6.  The  observer  has  normal,  white  untanned  skin  (skin  erythema 

hazard) 

7.  The  threshold  of  UV  skin  erythemal  reaction  is  assumed  as  0.05 

joules/ cm2 


8.  The  threshold  for  the  onset  of  photoinduced  jiltraviolet  conjunc¬ 
tivitis  is  assumed  as  0.07  joules /cm2 


Under  the  above  approximations  the  threshold  hazard  level  for  retinal 
damage,  conjunctivitis  and  skin  erythema  can  be  given  numerically  in 
relation  to  flash  lamp  input  energies.  As  an  additional  approximation 
the  radiation  from  the  flash  lamps  will  be  considered  to  be  related  to 
the  flash  lamp  loading  in  the  following  manner. 

1.  Radiation  taking  part  in  retinal  damage  is  approximately  50% 

of  input. 

2.  UV  radiation  taking  part  in  conjunctiva  and  skin  interaction  is 

approximately  20%  of  input. 


*  From  the  work  of  Ham,  Geersets ,  at  al.,  summarized  by  Christner 
et  al  (17). 

**  This  threshold  has  beer.  bar ’mined  at  the  maximum  spectral  sensi¬ 
tivity  for  a  wavelength  of  2967  ?x  (19,20).  This  value  will 
be  assumed  to  hold  for  all  UV  radiation  in  the  worst  case 
approximation. 

***  This  value  is  assumed  from  the  work  of  Kinsey  (21)  who  showed 
humans  to  be  twice  as  sensitive  as  rabbits  and  from  the 
threshold  value  discussed  in  Duke-Elder  (22)  for  rabbits 
at  28fc0  %  -  this  value  will  be  used,  although  its  validity 
is  questionable. 
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Threshold  hazard  distances  can  be  plocted  now  as  a  function  of  flash 
lamp  inputs  for  cherse  three  hazards.  To  repeat,  the  surface  threshold 
energy  densities  atz: 

-S’?  2 

1.  Retinal  bu:rn:  10  joules/cmz  at  pupil  (1  jouia/cm  at  retinal 

spot  simse  of  100  sc.  microns,  1  ca^  pupil  area). 

*  •  -  2  9 

2.  Conjunctivitis .7'  x  10  joules/cm4  at  corneal  surface 

3.  Skin  eryth-asa:  5  x  10“^  joules/cm^  at  skin  surface. 

The  retinal  da.— age  threshold  versus  diszar.ce  is  shown  in  Figure  V. 

For  example,  the  test  commonly  used  flash  lamp  (10,000  joule  loading) 
would  have  a  threshold  for  damage  distance  of  about  220  meters  if  flashed 
with  no  shielding. 

The  skin  and  earcerior  eye  thresholds  for  photo  reaction  thresholds 
are  shown  in  Figure  VI.  For  the  10,000  joule  lamp,  mentioned  before, 
perceptible  skin  erythema  or  conjunctiva  effects  could  occur  at  distances 
of  abouc  one  half  cater. 

Thresholds  for  infrared  damage  to  the  cornea,  conjunctiva,  iris  and 
lens  should  be  considered  apart  from  the  integrated  intensity  of  ultra¬ 
violet  effects.  There  does  not  however  appear  to  be  any  literature 
detailing  the  effects  at  the  longer  wavelengths  (7000  -  8000  ®  and  longer) 
with  respects  to  other  established  hazard  thresholds. 

It  must  be  pointed  out  that  in  almost  all  operating  laser  systems, 
the  optical  pumping  lamps  are  enclosed  in  a  shielded  cavity.  The  cavity 
is  designed  specifically  to  collect  as  much  pumping  radiation  as  possible 
and  deliver  ti  to  the  laser  rod.  Cavities  can  be  made  light  tight,  but 
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ia  practice  some  pumping  radiation  usually  leaks  outside  the  cavity. 

The  worst  case  analysis  above  serves  not  only  as  a  guide  to  viewing 
exposed  or  unenclosed  flash  lamps,  but  also  as  a  reinforce  meat  to  the 
suggestion  of  "don't  look"  when  operating  optically  pumped  lasers. 

Ocher  plash  lamp  Hazards 

The  possibility  of  ionizing  X-rays  being  produced  under  normal 
flash  lamp  operation  is  very  low.  The  electrons  in  the  discharge  can 
never  attain  X-ray  energies  for  Che  relativly  long  pulse  times  ordinarily 
used  and  the  relatively  low  voltages  (3.CCQ  -  5,000  volts)  it  seems  natural 
to  expect  the  presence  of  X-rays.  It  appears  as  if  this  is  not  the  case 
however.  Electron  energy  distributions  in  plasmas  are  discussed  in 
general  by  Loeb  (23)  and  in  the  case  of  theta  pinches  by  Kolb  (15).  On 
a  classical,  kinetic  theory  basis  one  would  expect  the  highest  electron 
energies  to  appear  in  the  lower  pressure  discharge,  namely  the  theta 
pinch.  Tha  data  of  Loeb  confirms  this.  A  personal  communication  with 
Mr.  H.W.  Klauer  of  Kemlite  Laboratories  Inc.,  indicates  that  in  Xenon 
flash  lamps  there  is  no  danger  of  X-rays  below  15,000  volts  operating 
potentials.  However,  above  15,000  -  20,000  volts  he  claims  there  may 
be  a  danger  of  “soft  gamma  radiation."  Kolb's  calculations  indicace 
maximum  electron  temperatures  (energies)  of  less  than  100  electron  volts 
in  the  theta  pinch  and  the  work  of  Feldman  seems  to  be  similar  (14).  Our 
own  calculations  based  on  a  strictly  kinetic  theory  model  show  maximum 
electron  energies  to  be  of  similar  order  of  magnitude  in  Xenon  discharges 
at  20,000  and  40,000  volts.  Experimental  x-ray  measurements  by  Vitkovitsky 
et  al  (24)  on  exploding  wires  at  driving  voltages  up  to  320,000  volts 
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showed  no  high  energy  X-ray  production.  Maximum  X-rays  observed  in  the 

o 

exploding  wire  studies  were  of  the  order  of  5,000  electron  volts  (X  M  2.5  A). 
X-rays  at  this  wavelength  are  attenuated  rapidly  by  quartz  and  glass  and 
have  a  relatively  short  path  length  in  air.  Thus,  although  no  study 
of  possible  X-ray  production  in  flash  lamps  has  been  undertaken,  the 
evidence  clearly  indicates  chat  the  X-ray  hazard  from  flash  lamps  them¬ 
selves  is  minimal.  The  major  X-ray  hazard  source  associated  with  flash 
tubes  appears  to  be  in  the  high  vacuum  rectifier  cubes  used  in  the 
capacitor  charging  power  supplies,  for  in  high  vacuum  cubes  the  electrons 
can  reach  an  energy,  in  electron  volts,  equal  to  the  peak  voltage  across 
the  cube,  as  is  the  case  in  ordinary  X-ray  tubas. 

Other  potential  hazards  in  flash  lamps  include: 

1.  Fiashian?  failure  produces  a  sharp  acoustical  report  and  flying 

quartz  fragments  which  can  be  very  hazardous  to  unprotected 
personnel  in  the  immediate  area. 

2.  Poisonous  gases  can  accumulate  in  the  laboratory  if  not  properly 

ventilated.  The  generation  of  O3  by  ultraviolet  irradiation 
is  well  known  and  the  decomposition  of  C09  to  CO  under  flash 
photolysis  has  been  shewn  (25). 

3.  The  possibility  of  neutron  production  in  theta  pinch  discharges 

due  to  low  atomic  weight  impurities  such  as  hydrogen,  deuterium 
and  helium  has  not  been  fully  explored. 

4.  Flash  lamps  operate  at  several  kilovolts  or  more  so  that  proper 

insulation  and  good  grounding  procedures  should  be  followed. 

Potential  Flash  Tube  Developments 

Over  the  next  three  years  no  major  advance  in  the  scace  of  the  art 
of  flash  lamps  is  to  be  expected.  Present  research  in  the  doping  of  Xenon 
flash  lamp  with  various  elements  will  probably  be  continued  ir.  an  attempt 
to  modify  the  output  spectral  characteristics  of  the  flash  (7). 
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There  is,  as  seated  previously,  no  great  technical  problem  in  producing 
higher  energy  flash  lamps,  the  arc  length  and  bore  size  are  Just  Increased. 
However  the  trend  in  laser  design  seems  to  be  in  the  utilization  of 
oscillator-amplifier  arrays  in  which,  at  present,  as  many  as  ten  flash 
lamps  modules  have  been  used  co  create  heigh  energy  laser  pulses  (26). 

This  would  seem  to  indicate  that  much  larger  linear  leaps  will  not 
probably  be  produced. 

Helical  flash  lamps  are  expected  to  be  produced  with  capabilities 
up  to  50Q0Q0  joules  in  the  next  three  years  according  to  Mr.  H.W.  Klauer 
of  Kemlite  Laboratories,  Inc. 

The  application  of  high  energy  theta  pinch  discharges  to  laser  pumping 

s 

does  not  appear  very  extensive.  Due  to  the  enhanced  ultraviolet  output 
at  higher  energies  and  the  low  overall  efficiencies,  this  source  does 
not  seem  as  potentially  useful  for  efficient  laser  work  (personal  communi¬ 
cation  with  Dr.  Buser,  Army  Signal  Corps  Laboratories,  Fort  Monmouth, 

New  Jersey). 
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Electrical  Hazards 

In  the  laboratory,  electricity  is  potentially  one  of  the  most  dangerous 
commodities .  Accidental  electric  shock  is  at  best  annoying  and  at  worst 
fatal.  The  small  number  of  electrical  fatalities  is  probably  due  to  the 
general  awareness  that  deetsieifcy  is  inherently  dangerous ,  and  to  the 
concerted  effort  in  design  and  construction  of  electrical  system.  The 
electric  shock  hazards  of  both  high-voltage  and  low-voltage  circiuts  are 
derived  from  known  effects  of  electric  currents  as  determined  from  low- 
voltage  experiments.  Data  on  currents  large  enough  to  cause  sudden 
death  in  man  oust  be  extrapolated  from  animal  studies  (1).  Although 
translation  of  results  obtained  on  animals  to  man  is  conjectural,  in 
many  instances  analysis  of  human  accidents  has  permitted  correlations  to 
be  made  (2) . 

A  summary  of  possible  quantitative  effects  of  electric  currents  on 
man.  is  given  in  Table  I  (2) .  The  values  of  "Electric  Current"  necessary 
to  cause  ventricular  filrillation  in  man  were  derived  from  tests  made  on 
animals  and  are  what  Dalziel  termed  "best  estimates ." 

It  is  important  to  note  from  Table  I  the  levels  at  which  electric 
currents  are  hazardous.  These  levels  are  very  low.  When  one  comes  in 
contact  with  a  hazardous  situation,  a  difference  in  potential  exists  across 
the  path  through  the  person.  This  difference  in  potential  must  be  related  to  the 
current  given  in  the  table.  The  proportionality  factor  is  the  resistance  of 
the  body,  which,  however,  is  not  a  constant.  Pitre  and  Da'nlberg  (3)  have  made 
studies  on  low  voltage  hazards.  Their  studies  show  that  voltages  far  below 
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Quantitative  Effects  of  Electric  Current  on  Man 


Mil  1.1  amperes  (thousandths  of  an  ampere) 
Alternating  Current 
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Direct 
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Cycle 

10,000 

Cycles 

Mon 

Women 

*  M3  EL 
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Men 

I  *2 
?! 
Ig 

Mo  sensation  on  hand 

Slight  tingling.  Perception 
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0.6 

O.ii 

0.3 
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0 

threshold 

Shock  —  not  painful  and 
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i.i 

0.7 

12 

8 

vascular  control  not  lost 
Painful  shock  —  painful  but 
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17 

12 

vascular  control  not  lost 
Pair-til  shock  —  let-go 

62 

hi 
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55 

37 

threshold 

Painful  and  severe  shock  — 
vascular  contractions. 

76 

51 

16.0 

io.5 

75 

50 

breathing  difficult 

Possible  ventricular  fibril¬ 
lation  from  short  shocks: 

90 

60 

23 

15 

9k 

63 

Shock  duration  0.03  sec. 

1300 

1300 

1000 

1000 

1100 

1100 

Shock  duration  3.0  sec. 

5co 

5oo 

ICO 

100 

500 

5co 

Ventricular  fibrillation  — 


Possible  ventricular  fibril¬ 
lation  from  impulse 
shocks : 

DC  short  shocks  and  surge 
discharges 

Paver-frequency  short 

shocks  and  lev-frequency 
oscillatory  discharges 


Multiply  values  immediately  above  by  2  3/h. 
To  be  lethal,  short  shocks  rust  occur  during 
susceptible  phase  of  heart  cvcle 


27.0  tratt-saconds 
13.5  -rait- seconds 
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Chat  produced  by  Che  common  110  volt  supply  have  caused  fatal  electrical 
accidents.  Fatal  shock  from  low  voltages  usually  occur  under  conditions 
which  are  conducive  to  lowering  skin  resistance  at  the  points  of  contact. 

Working  conditions  which  are  particularly  hazardous  on  low  voltage 
expos  ur  es  inc lude : 

1.  wet,  humid  or  damp  locations 

2.  High  temperatures,  since  they  are  likely  to  cause  perspiration 

3.  locations  where  the  individual  is  exposed  to  grounded  surfaces. 

Many  of  the  hazards  associated  with  electrical  circuits  can  be 
alleviated  by  the  use  of  proper  precautions.  Some  basic  con* iterations 
are: 

1.  the  proper  selection  of  equipment  for  the  type  of  exposure 

for  which  it  is  to  be  used. 

2.  Installation  of  the  equipment  in  accordance  with  established 

safety  standards. 

/ 

3.  Inspections  at  frequent  intervals  by  competent  personnel  to 

develop  a  proper  maintenance  program. 

4.  Maintenance  to  keep  the  equipment  and  circuits  in  safe  operating 

conditions . 

The  electrical  shock  hazard  can  be  greatly  reduced  by  any  of  the 
following  protective  methods ,  or  by  a  combination  of  them: 

1.  Effective  grounding  of  non-current  carrying  parts. 

2.  Insulation  of  exposed  metallic  surfaces 

3.  Electrically  isolating  the  operators. 

4.  Using  voltage  low  enough  to  minimize  the  shock  hazard. 
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Grounding  of  non-current -carrying  parts  of  equipment  is  carried  out 


to  protect  personnel  against  electric  shock  from  metal  enclosures  or 
frames  of  motors,  transformers,  switchboards,  portable  tools  and  lamps, 
etc.,  in  case  such  parts  accidentally  come  in  contact  with  live  parts  of 
the  circuit.  Where  protective  grounding  is  found  to  be  impractical, 
insulation  of  the  non-current -carrying  exposed  metal  parts  may  be 
--  employed.  Such  insulation  should  be  made  to  withstand  the  abuse  expected 
under  working  conditions  and  should  be  made  resistant  to  oil,  grease,  and 
moisture. 

Where  neither  grounding  nor  insulation  of  non-current-carrying  parts 
are  employed,  protection  in  hazardous  exposures  can  be  accomplished  by 
insulating  the  operator  by  the  use  of  rubber  mats  or  shields,  or  by 
wooden  platforms  or  barriers.  The  purpose  is  to  prevent  any  return  path 
for  the  current  through  the  body  of  the  operator. 

Those  charged  with  the  responsibility  of  the  safety  of  the  individuals 
must  carefully  survey  the  electrical  exposure,  employ  proper  methods  of 
control  and  educate  the  workers  regarding  the  hazards  involved.  Safety 
personnal  should  be  guided  in  their  responsibilities  by  regualtions  set  down 
by  the  National  Electric  Code  (4) . 

Whitaker  (5) ,  and  Inship  and  Watson  (6)  historically  follow  the 
development  of  the  gounding  requirements  of  the  National  Electric  Code  along 
with  the  reasons  for  each.  They  also  emphasize  that  the  principle  method 
for  grounding  portable  equipment  is  through  the  line: cord  which  includes 
a  grounding  conductor  with  a  3 -pole  American  Standard  attachment 
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plug  cap  which  has  a  pair  of  parallel  blades  and  a  round  or  half-round 
grounding  blade.  Thare  should  also  be  a  receptable  which  establishes 
a  ground  connection  to  the  same  electrode  as  used  for  the  system  ground 
at  the  service  entrance.  Alternatively  the  same  cap  and  receptable  may  be 
used  with  a  cable  that  has  an  armor  or  metal  enclosure  of  the  circuit 
conductors  with  the  enclosure  being  used  as  the  grounding -conductor  and  at¬ 
tached  to  the  grounding  blade.  A  third  method  is  also  mentioned  briefly. 

This  consists  of  a  separate  grounding  conductor,  as  a  bare  or  insulated  flexible 
wire  or  strap  not  in  the  supply  cord,  used  only  when  part  of  approved  equipment 
or  by  special  permission  of  the  enforcing  authority.  Consequently,  in  laser 
systems  the  first  or  second  method  should  be  used  on. all  equipment  to  provide 
adequate  grounding. 

Grounding  does  not  always  insure  the  greatest  measure  of  protection 
to  personnel  and,  under  certain  conditions  actually  may  increase  the 
hazard.  The  presence  of  well-grounded  metal  cabinets  as  opposed  to  isolated 
metal  contributes  to  the  establishment  of  conditions  necessary  to  cause 
shock  to  persons  who  touch  live  current-carrying  parts.  This  may  or  may 
not  have  a  particular  application  to  a  particular  laser  system.  An  individ¬ 
ual  system  may  require  an  isolated  system  but  in  general  the  grounded 
system  would  be  preferable  because  in  this  case  it  affords  better  protection 
for  the  operators . 

Grounding  is  not  intended  as  a  substitute  for  proper  spacings ,  adequate 
dielectric  strength  tests,  or  the  use  of  proper  insulating  materials,  but 
is  a  supplemental  safety  measure  to  all  these  features. 


Hcddesheimer  (7)  discussed  plant  and  building  grounds  as  well  as 
equipment  grounds.  He  lists  Che  grounded  Y  system  as  the  safest  for  both 
equipment  and  personnel.  As  for  the  establishment  of  grounds,  all  steel 
frames  of  buildings  must  be  adequately  grounded.  As  a  minimum  a  ground 
bus  of  not  less  than  No  4.0  American  Hire  gauge  copper  should  be  run  around 
the  periphery  of  the  building,  connected  to  each  outside  building  column, 
and  connected  to  earth  at  not  greater  than  at  200  foot  intervals . 

Each  water  main  entering  the  building,  if  suitable  for  use  as  a 
ground,  should  be  connected  to  the  ground  bus  at  two  or  more  points.  In 
large  buildings  the  ground  bus  should  be  extended  to  connect  to  an  adequate 
number  of  internal  building  columns. 

The  connection  to  earth  and  the  associated  problems  of  keeping  the 
"to  earth"  resistance  low  are  carefully  covered  by  Heddesheimer  (7). 
Following  proper  grounding  of  the  laser  system,  attention  can  be  directed 
to  another  electrical  hazard.  This  is  the  complete  and  safe  discharge 
of  any  and  all  capacitor  banks.  The  most  dangerous  situation  of  all 
exists  when  the  laswer  system  has  been  operating  satisfactorily..  Hhen  the 
laser  has  fired  and  the  capacitor  bank  has  dumped  most  of  its  charge,  the 
capacitor  bank  is  still  unsafe  electrically.  Referring  to  Table  I,  it 
can  be  seen  that  it  is  possible  for  as  little  as  27  watt -seconds  (joules) 
to  be  lethal.  It  is  quite  probable  that  after  normal  firing  of  the  laser 
much  more  than  this  amount  of  energy  remains  stored  in  the  capacitor 
bank.  Since  insulation  resistance  of  typical  capacitors  is  extremely  high, 
capacitors  may  retain  stored  charges  for  days  (15).  As  a  safety  feature 
some  method  should  be  provided  to  completely  and  safely  discharge  the  bank 
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manually  as  well  as  automatically  to  the  point  where  no  energy  remains 
stored.  Calculations  are  carried  out  in  the  follpwing  part  of  this  report  to 
indicate  the  necessity  of  this  provision. 

Dalziel  (8)  discusses  the  hazards  of  impulse  currents.  He  attempts 
to  define  shock  intensity  in  terms  of  energy  end  then  projects  a  hypothesis 
that  for  short  shocks,  energy  is  the  fundamental  criteria,  with  current 
magnitude,  duration  and  total  charge  being  related  quantities  of  secondary 
importance. 

These  impulse  studies  were  carried  out  both  wich  oscillatory  and 
non-oscillatory  discharges.  It  was  found  that  the  tolerance  to  surge 
discharges  was  greater  than  for  oscillatory  discharges.  This  was  based 
on  studies  to  determine  the  currents  which  are  just  perceptible  on  the 
hands ,  where  the  currents  for  pure  direct  current  and  60-cycle  alternating 
current  are  in  the  ratio  of  4.8  to  1  (10,11). 

•  A  comparison  of  impulse  type  shocks  as  opposed  to  the  non-impulse 
type  is  not  readily  apparent  from  the  literature. 

As  an  example  of  the  hazard  due  to  an  impulse  shock,  the  stored  energy 
qj2 

(E  ■  ■  -  )  is  plotted  as  a  parameter  on  a  graph  of  capacity  of  the  bank 

2 

versus  the  potential  across  the  bank.  The  curves  are  straight  lines  when 
plotted  on  log-log  scales.  According  to  the  data  given  by  Dalziel  (2,8), 
any  condition  to  the  right  or  above  the  27  joule  line  (the  solid  line)  may  be 
considered  extremely  dangerous.  It  can  be  seen  that  as  the  capacitor  banks 
increase  in  size  with  a  small  potential  across  the  bank  a  dangerous  situation 
can  exist.  For  example  for  a  100,000  microfarad  bank  25  volts  could  be 


fatal.  Smaller  banks  can  present  significantly  hazardous  conditions. 

A  ruby  laser  that  will  deliver  100  joules  and  is  1£  efficient  will  require 
10,000  joules  of  pumping  energy.  If  the  bank  is  charged  to  3,000  volts  then 
2,200nf  will  be  required.  From  the  graph  one  can  see  that  corresponding 
to  2200  uf,  160  volts  is  extremely  dangerous.  If  this  laser  system, 
following  firing,  does  not  discharge  to  significantly  less  than  this  value 
it  must  be  considered  dangerous.  This  will  probably  not  be  the  case;  160 
volts  or  more  are  left  on  the  capacitor  bank,  and  it  will  remain  lethal  and 
must  be  discharged  previous  to  contact. 

The  high-voltage  energy  storage  capacitors  chosen  for  laser  use 
should  be  chose  designed  specifically  for  discharge  applications  which 
customarily  involve  varying  cycles  of  intermittent  duty.  These  capacitors 
are  usually  designed  with  a  higher  dielectric  stress  than  is  employed  for 
conventional  d.c.  capacitors  (15).  In  addition,  provision  is  made  to 
handle  the  high  discharge  current.  The  design  also  indues  minimization 
of  self -inductance  to  assure  short  discharge  time. 

Since  most  high  energy  storage  capacitors,  except  the  aroclors  (12) 
(which  are  also  known  as  Askarels  and  are  chlorinated  diphenyls)  are 
inflammable,  fire  safety  facilities  near  large  capacitor  banks  should  be 
provided.  When  energy  storage  capacitors  fail,  resulting  large  currents 
may  cause  heating  followed  by  combustion.  Consequently  safety  circuitry 
designed  to  remove  or  monitor  faulty  capacitors  are  available. (12)  and 
should  be  employed.  Since  most  fuses  would  add  too  much  inductance  to 
the  system,  special  fuses  must  be  used  in  conjunction  with  protective 


circuitry.  Two  such  fuses  are  che  silver  sand  current  limiting  type  and 
the  exploding  wire  fuse.  When  particular  safety  circuitry  is  chosen  it 
should  be  kept  in  mind  that  major  bus  faults  or  failures  in  other  parts 
of  the  circuitry  may  cause  undersized  fuse  operation.  This  can  be 
prevented  by  strategic  placement  of  current  limiting  resistors.  As  a 
substitute  for  fuses  small  lengths  of  transmission  lines  with  destruction 
levels  below  that  contained  in  the  unfaulted  capacitor  may  be  placed 
between  each  capacitor  and  a  common  bus.  A  separate  transmission  line 
should  be  run  from  each  capacitor.  Upon  failure  of  a  given  capacitor,  all 
the  energy  in  the  remaining  capacitors  will  discharge  through  the  trans¬ 
mission  line  associated  with  the  faulty  capacitors  and  destroy  that 
transmission  line.  This  will  remove  the  faulted  capacitor  from  the 
circuit,  and  permit  operation  with  reduced  capacity.  However,  it  is 
uncertain  whether  this  is  advantageous  and  disadvantageous  from  a  safety 
point  of  view. 

An  alternate  method  of  fault  protection  is  a  method  which  monitors 
the  internal  pressure  of  individual  capacitors  and  relays  this  information 
to  a  control  panel.  The  impending  fault  may  then  be  removed  either 
manually  or  automatically. 

Ihe  life  expectancy  or  number  of  charge-discharge  cycles  of  rapid 

discharge  capacitors  depends  strongly  on  the  operating  conditions  (12, 

13,  14).  An  increase  in  voltage  to  as  little  as  120%  of  rated  voltage 

may  drop  the  life  expectancy  to  5%  of  its  original  value.  The  discharge 

time  or  ringing  frequency  also  strongly  effects  capacitor  lifetime.  When 

the  ringing  frequency  also  strongly  effects  capacitor  lifetime.  When 
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the  ringing  frequency  is  increased  from  10  to  10  cps  the  life  expectancy 


decreases  by  an  order  o£  magnitude.  The  life  expectancy  is  also  affected 
by  the  amount  of  time  the  capacitor  has  been  holding  a  charge,  the  degree 
of  voltage  reversal  and  the  ambient  temperatures.  In  light  of  such  extreme 
conditions  it  is  very  advisable  to  stay  well  within  the  equipment  ratings. 

The  capacitor  life  expectancy,  for  high  energy  storage  capacitors 

3  1  5 

quoted  by  manufacturers  varies  from  10  to  10  operations.  This  figure 
must  be  considered  in  light  of  the  extreme  variation  in  life  expectancy 
under  operational  conditions  (12,13,14). 

Another  item  that  is  particularly  prone  to  present  safety  problems 
are  the  high  voltage  current  carrying  cables.  These  cables  should  be 
placed  so  that  accidental  contact  with  them  cannot  occur. 

In  addition  special  consideration  should  be  given  to  the  choice  of 
original  cables.  The  cable  chosen  should  be  specified  as  corona  free  in 
addition  to  the  adequate  dielectric  strength  for  the  laser  with  which  it 
is  to  be  used.  This  will  facilitate  future  field  testing.  Although 
actual  observation  of  the  cable  and  continuity  tests  are  very  important, 
the  single  most  important  test  is  the  "hi-pot"  or  dielectric  strength  test. 
These  tests  can  be  made  with  readily  available  testing  apparatus  or  by 
the  cable  manufacturers  testing  facility.  The  dielectric  tests  will  give 
an  indication  of  the  present  strength  of  the  insulation  and  the  corona 
test  will  test  for  the  presence  of  the  corona.  If  present,  this  corona 
causes  ozone  which  is  highly  corrosive  to  some  dielectrics  and  may  cause 
ultimate  failure  of  the  cable.  To  be  on  the  safe  side,  a  cable  that  shows 
the  presence  of  corona  should  be  replaced.  (*) 

No  discussion  of  electrical  shock  would  be  complete  without  mention 
of  reseueand  resiscitation  for  victims  .of  serious  electric  shock  accidents. 
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First  aid  should  be  restricted  to  minimal,  essential  manipulation  of  the 
patient  as  required  for  arrest  of  hemorrhage,  coverage  of  the  affected 
region  with  sterile  gauze,  and  immobilization  of  the  affected  region, 
particularly  in  the  event  of  fracture  following  electric  shock.  In  the 
case  of  respiratory  arrest,  mouth  to  mouth  artificial  respiration  should 
be  ismadiately  begun,  and  continued  until  medical  attention  is  obtained. 

The  equipment,  techniques  and  knowledge  necessary  to  apply  controlled 
counter-shock  in  the  short  period  available  if  ventricular  fibrillation 
occurs  and  Co  attempt  pacemaking  is  not  available  in  the  field.  Considera¬ 
tion  can  be  given  Co  maintenance  of  cardiac  output  by  external  message. 

The  literature  in  this  field  is  in  universal  agreement  that  the  application 
of  artificial  respiration,  if  the  victim  is  not  breathing  or  if  he  appears 
not  to  be  breathing,  should  be  continued  without  interruption  until  he 
revives  or  until  he  is  pronounced  dead  by  a  physician.  All  accidents 
should  receive  immediate  medical  attention.  A  general  physician,  on 
call  at  all  times,  should  be  available  for  accidents.  His  telephone 
number  should  be  posted  in  the  laboratory. 
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ADDENDUM 


ATMOSPHERIC  SCATTERING  OF  LASER  RADIATION 
AND  ASSOCIATED  HAZARDS 


General  method  of  approach 

Atmospheric  Scattering:  Introduction 

A  laser  transmitter  employed  for  radar  or  communications 
normally  emits  a  highly-collimated  beam  (typically  10-5  -  10-4 

radians)  with  a  beam  diameter  ranging  from  1  millimeter  to 
possibly  1  meter.  Peak  powers  range  from  10+^  to  10”^  watts. 

If  the  laser  is  to  be  useful,  it  must  operate  in  a  relatively 
transparent  atmosphere.  Under  optimum  atmospheric  conditions, 
the  attenuation  of  the  beam  as  it  passes  through  the  atmosphere 
is  exceedingly  small. 

Various  effects  lead  to  beam  attenuation.  Even  in  a 
clear,  dry  atmosphere,  the  beam  is  deflected  and  attenuated  by 
turbulent  motion  of  the  atmosphere.  As  with  most  of  the  atmos¬ 
pheric  scattering  processes,  the  principal  scattering  direction 
is  forward.  A  second  process  effective  even  in  clear,  dry 
atmospheres  is  molecular  scattering.  This  process  is  strongly 
wavelength-dependent  and  is  also  a  function  of  the  atmospheric 
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composition.  This  process  is  of  particular  interest  in  the  case 
of  the  CO 2  laser  where  the  CO2  in  the  atmosphere,  especially 
urban  atmospheres,  leads  to  a  substantial  attenuation  coefficient. 

When  the  atmosphere  is  contaminated  with  aerosols  and 
solid  matter,  particulate  scattering  becomes  important.  With 
the  densities  of  particles  found  even  in  a  moderate  fog,  each 
scattering  event  is  independent.*  Consequently,  one  can  des¬ 
cribe  the  scattering  by  a  suitable  average  over  the  scattering 
particles.  Obtaining  such  averages  is  an  extremely  complicated 
operation  except  in  certain  limiting  cases .  The  more  interesting 
"middle  values"  (those  which  are  not  the  limiting  cases)  have 
only  been  recently  examined  with  the  aid  of  high-speed  computers. 
From  the  results  of  these  studies  cited  below,  one  can  conclude 
that  the  most  intense  scattered  fields  are  located  within  a  small 
cone  (  5°)  in  the  forward  direction. 

Scattering  in  a  Clean,  Dry  Atmosphere 

The  laser  beam  propagating  in  a  clean  atmosphere  will  be 
subject  to  turbulent  and  molecular  scattering  and  possibly  as¬ 
sociated  molecular  absorption.  This  latter  effect  must  be  small 
if  the  laser  is  to  be  very  useful.  The  most  complete  measurements 
of  atmospheric  transmission  have  been  made  using  the  sun  as  a 

*This  quite  common  assumption  is  exact  for  normal,  relatively  incoherent 
light.  With  lasers,  where  coherence  lengths  are  many  meters,  coherent 
scattering  might  prove  important.  This  is  further  discussed  below. 
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General  method  of  approach  (continued) 


source.  Figure  1  shows  a  typical  total  atmospheric  absorption 
spectrum  for  vertical  transmission  to  11  km  and  0  km  above  sea 
level  (1).  For  horizontal  transmission  at  low  altitudes,  one  must 
add  or  subtract  appropriate  components  (e.g. ,  increase  the  H20 
absorption  but  remove  Oj  absorption.)  Figure  2  shows  a  typical 
IR  horizontal  transmittance  curve  for  a  5.5  km  path  (2).  From 
Figures  1  and  2,  one  can  infer  that  laser  transmission,  both 
vertically  and  horizontally,  will  be  within  the  two  principal  win¬ 
dows — the  quasi-visible  (0.3  to  2  microns)  and  the  middle  infra¬ 
red  (  8  to  13  microns) 

Atmospheric  turbulence  will  affect  the  entire  band  in  a 
very  similar  manner.  The  theory  of  laser  beam  propagation  in  the 
turbulent  atmopshere  has  been  thoroughly  discussed  recently  by 
Davis  (3) .  His  results,  a  development  based  on  the  work  of 
Tatarski  (4)  suggest  that  the  principal  laser  hazard  associated 
with  turbulence  is  beam  steering  rather  than  scattering.  For 
plane  waves  the  turbulent  scattering  typically  (4)  leads  to  in¬ 
tensity  fluctuations  (scintillation)  in  the  order  of: 


(log  | — )  =1.23 
*o 


,2  -rr  % 7/6 
(T’) 


11/6 

R 


where  I/IQ  is  the  ratio  of  the  maximum  intensity  to  the  average 


intensity,  C  is  the  structure  constant  characterizing 
m 


General  method  of  approach  (continued) 


the  turbulence  (10-^  to  10  ®  m  *  ,  R  is  the  range  in  meters  and 

the  wavelength.  Typical  curves  predicted  and  measured  by 
Tatarski  confirmed  in  many  recent  measurements  (e.g.  ,  Goldstein 
et.  al,  (5))  are  shown  in  Figure  3.  The  eye's  aperture  is  too  small 
to  do  much  averaging  so  the  intensity  variations  will  be  as  shown 
in  the  curve.  The  immediate  conclusion  is  that  beams  which  are 
well  below  damage  threshold  without  turbulent  scattering  will  not 
normally  become  dangerous  because  of  scintillation  effects  over 
ranges  to  a  few  kilometers.  Figure  3  shows  that  for  longer  ranges, 
scintillation  effects  can  lead  to  substantial  hazard. 

If  the  beam  intensity  is  above  hazard  limits,  atmospheric 
beam  steering,  which  causes  the  entire  beam  to  meander  about 
within  a  narrow  cone ,  could  direct  the  beam  into  an  unprepared 
observer's  eye.  This  hazard  is  confined  to  very  narrow  angles 
(typically  several  to  tens  of  microradians) .  For  example,  Goodwin 
of  Hughes  Research  Laboratories  reports  deviations  of  the  order 
of  50  microradians  over  a  29  km  horizontal  path.  This  would 
correspond  to  the  center  of  the  beam  arriving  1.5  meters  from  its 
designated  target.  For  comparison,  typical  recollimated  beam 
divergences  for  a  gas  laser  are  of  the  order  of  tens  of  micro¬ 
radians .  Thus,  over  the  29  km  path,  the  beam  occasionally 
would  meander  a  full  beam  width  from  its  mean  position.  The 


General  method  of  approach  (continued) 

be  reasonably  constant  so  the  absorption  coefficient  will  be 

linearly  proportional  to  the  partial  pressure  of  CC^.)  The  next 

question  to  ask  is:  What  happened  to  the  lost  energy?  If  it 

were  strongly  absorbed,  one  would  expect  it  to  appear  as  thermal 

energy.  On  the  other  hand,  with  a  C02  partial  pressure  of 

0.152  torr,  collisional  de-excitation  is  highly  unlikely  in  an 

excited  lifetime  (7)  (  *1^0.3  milliseconds).  Second  absorptions 

are  also  extremely  unlikely.  Therefore,  it  is  not  unreasonable  to 

assume  that  the  energy  is  reradiated.  It  is  important  to  note 

-10 

that  the  mean  time  between  collisions  is  sz  10  seconds.  Thus, 

the  polarization  and  directionality  associated  with  the  absorption 

of  a  photon  are  lost  before  the  photon  is  reradiated.  Each  excited 

atom  simply  contributes,  on  the  average,  a  spherical  wavelet. 

Adding  these  along  the  entire  path  emphasizes  scattering  along 

the  beam  axis  simply  from  geometric  considerations.  However, 

the  — L —  dependence  prevents  the  development  of  any  sub- 

Jir 

stantial  scattered  field.  Accordingly,  resonant  molecular 
scattering  should  not  present  much  of  a  hazard. 

Scattering  In  Atmospheric  Aerosols  and  Haze 

It  is  obvious  from  visual  observation  that  fog  and  snow 
scatter  light  in  all  directions.  The  details  of  the  process,  however, 


are  far  from  obvious. 


General  method  of  approach  (continued) 

expectation  values  for  r.m.s.  angular  deviations  vary  approxi¬ 
mately  as  ‘  ^  so  one  may  extrapolate  to  other  ranges. 

Molecular  scattering  becomes  important  only  when  there 
is  a  gas  species  present  with  an  appropriate  absorption  line. 
(Nonlinear  interactions  such  as  Raman  and  Brillouin  scattering 
are  important  only  at  extremely  high  intensities  more  appropriate 
to  laboratory  experimentation.  They  are  not  considered  in  this 
portion  of  the  report.)  The  most  obvious  atmospheric  gas  which 
will  result  in  this  type  of  interaction  is  C02  where  the  radiation 
is  from  a  CO 2  laser.  The  usual  laser  transition  is  between  two 
vibrational  levels  (00°1  to  10°0)  that  lie,  respectively,  0.303  and 
0.17  ev  above  the  ground  state.  At  normal  temperatures  a  signi¬ 
ficant  fraction  of  the  atmospheric  C02  will  be  found  in  the  10°0 
level  where  it  wia  absorb  the  laser  radiation.  Even  in  uncon¬ 
taminated  air,  C02  represents  200  ppm  of  the  atmosphere.  One 
can  estimate  the  attenuation  coefficient  for  the  CO2  laser  radiation 
in  a  clean  atmosphere  by  comparing  line  strengths  and  attenuation 
coefficients  with  the  4.7| A  C02  line.  Using  the  values  of 
Burch  et.al.  (6)  and  ignoring  the  obvious  problem  of  the  rotational 
structure  of  the  absorption  line,  one  obtains  a  value  of  c^=  0.05  km 
Thus,  in  a  20  km  horizontal  path,  the  intensity  would  drop  to 
1/e  of  its  initial  value.  (The  molecular  extinction  coefficient  will 
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General  method  of  approach  (continued) 

Two  classes  of  studies  have  been  carried  out  which  enable 
one  to  make  reasonably  quantitative  estimates  of  the  scattering. 
First,  there  has  been  the  development  of  the  Mie  theory  for 
scattering  by  a  spherical  homogeneous  particle.  The  first 
development  in  detail  was  by  Stratton  and  Houghton  (8).  The 
result  of  this  work  is  a  rather  difficult -to-evaluate  integral 
(or  series)  which  gives  the  scattered  intensity  as  a  function  of 
angles  Q  and  ^  for  a  sphere  of  normalized  radius  x  =  — 

and  complex  index  of  refraction  n.  Until  recently  only  the 
limiting  cases  of  n-l<{  1  (Rayleigh-Gans  scattering)  and  JX,  «  ^X. 
(Rayleigh  scattering)  had  received  detailed  analysis .  The  advent 
of  high  speed  computers  has  allowed  evaluation  of  almost  any 
combination  of  r/ A-  and  n.  The  work  of  Plass  (9)  is  probably 
the  most  extensive  to  date. 

The  second  development  was  the  measurement  of  the 
actual  particle  diameters  of  atmospheric  contaminants .  With 
solids,  this  is  not  too  difficult,  but  with  liquids,  especially  all- 
important  water,  it  has  proved  incredibly  difficult.  After  much 
effort  and  a  great  deal  of  ingenuity,  some  early  data  were  obtained 
such  as  that  of  Houghton  (10)  shown  in  Figure  4a.  The  early 
work  tended  to  underestimate  the  density  of  the  smaller  particles . 
Recent  work  has  shown  that  the  distributions  are  very  strongly 
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General  method  of  approach  (continued) 

dependent  on  both  the  seeding  particles  (e.g.  ,  sea  salt,  traces  of 
HNOj  or  H2SO4 ,  dust)  and  on  atmospheric  conditions.  Generally, 
though,  distribution  of  water  droplets  in  fog  has  one  or  several 
maxima  between  1  and  50  microns.  (See  Figure  4b  for  typical 
cloud  measurements.) 

In  nominally  clear  air,  there  is  reason  to  suggest  that 
unstable  distributions  of  minute  water  particles  (less  than  1  micron) 
are  being  generated  at  turbulent  domain  interfaces  (11) . 

Particulate  hazes  are  found  to  consist,  in  our  civilization, 
primarily  of  industrial  and  automotive  waste  products.  Particle 
sizes  are  often  rather  uniform  and  frequently  of  the  order  of  0.1 
to  1  micron.  Their  optical  characteristics  are  quite  varied — black 
or  opaque  for  carbon,  high  index  of  refraction,  but  transparent  for 
many  oxides,  etc.  Van  der  Hulst  (12)  gives  a  detailed  discussion 
of  their  scattering  properties  (data  to  1957) .  The  work  of  Plass  (9) 
gives  more  recent  calculations. 

With  details  of  the  scattering  process  and  the  scattering 
ensemble  at  hand,  one  would  like  to  develop  graphs  of  the  nor¬ 
malized  scattered  intensity  versus  angle  and  range  to  determine 
the  appropriate  danger  zones.  This  process  is  quite  possible 
for  any  given  set  of  boundary  conditions.  First,  some  general 
comments  are  in  order. 


-478- 


General  method  of  approach  (continued) 

The  scattering  cross-section,  (J-^,  of  a  particle  is  the 
ratio  of  the  total  scattered  power  to  the  incident  irradiance .  For 
small  particles  «1)  the  scattering  cross-section  is  much 

less  than  the  geometric  cross-section,  7“  .  As  the  radius  in¬ 
creases,  the  scattering  cross-section  increases  rather  rapidly 
4 

(as  X  )  •  However,  its  exact  dependence  is  a  function  of  the 
complex  index  of  refraction  n  »  n^  -  jn-.  From  Babinet’s  principle, 

rp-c 

one  can  state  that  the  ratio  Qs  =  — - — -  approaches  2  for  a  trans- 

g 

parent  (or  white)  particle  and  1  for  a  black  particle .  For  an 

opaque  particle  of  albedo  ^  0,  Qs  approaches  a  value  between 

1  and  2 .  Figure  5a  shows  Qs  for  the  important  case  of  nj  =  1.33 

(water) .  For  water  illuminated  at  0 . 5  microns ,  n2  =  0 .  On  the 

other  hand,  water  at  10  microns  has  an  imaginary  component  of 

its  index  of  refraction  of  0.07.  Since  n2>  0  implies  absorption 

as  well  as  scattering,  it  is  appropriate  to  define  as  the  ratio 

of  the  absorbed  power  to  the  incident  irradiance  and  Q-  =  JDl. 

<Tg 

The  total  attenuation  (or  extinction)  cross-section  is  then 

^tt  =  ^"^«^^and  Qatt  =  — ■  .  Figures  5b  and  5c  show 

C"g 

Qa  and  Qatt  for  several  values  of  n2 .  It  is  interesting  to  note 
that  Qa  is  at  the  highest  value  for  just  those  conditions  that 
describe  CO2  laser  radiation  propagating  through  a  typical  atmos¬ 
pheric  water  aerosol:  n^  -  0.1  with  x  ranging  from  0.6  to  38. 


4 
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General  methods  of  approach  (continued) 

On  the  other  hand,  Qs  is  much  more  significant  for  visible 

radiation  since  x  ranges  from  13  to  755  for  visible  light. 

Two  other  pieces  of  data  are  necessary  to  estimate  the 

danger  zone.  First,  Figure  6  gives  the  scattering  coefficient, 

ji,  (  &)  as  a  function  of  angle  for  three  values  of  x  for  nj  =  1.33 

and  n.2  ~  0  and  0.1.  It  will  be  noted  that:  small  x  leads  to 

almost  equal  forward  and  backward  scattering,  but  as  soon  as 

the  particle  circumference  is  much  larger  than  the  wavelength, 

the  scattering  is  almost  entirely  in  the  forward  direction.  From 

the  graph  for  x  =  40  (e.g.,  4.5*i»,  particles  illuminated  by  ruby 

laser  light)  it  can  be  seen  that  the  intensity  has  fallen  by  two 

orders  of  magnitude  in  10  degrees.  Accordingly,  one  can  state 

that  the  principal  danger  zone  for  droplet  scattering  lies  within 

a  narrow  cone  about  the  direction  of  propagation. 

To  obtain  an  order  of  magnitude  measure  of  the  hazards 

involved,  consider  what  would  happen  with  a  ruby  laser  emitting 

2 

a  beam  of  1,000  watts/cm  at  0.694  microns.  Figure  7  shows 

howx(O)  depends  on  x.  To  obtain  the  intensity  in  watts/' 

.  9 

steradian  for  an  illuminating  intensity  ot  1  watt/cm  ,  one 
•  2  2 

multiplies  J.  (0)  by  \  /4 V  with  7s- in  centimeters.  For  our 
2 

example  of  1  kw/cm  and%.=  0.694  microns,  a  single  20  micron 
particle  (x  =  132)  yields  34.8  watts/steradian  in  the  forward 
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General  methods  of  approach  (continued) 


direction;  while  at  10.6  microns  (x  =  12)  it  yields  only  0.112 
watts/ steradiam . 


For  purposes  of  estimating  the  hazard,  let  the  particle 

radii  be  20  microns  and  its  density  equivalent  to  the  water  vapor 

in  the  air  at  40 %  relative  humidity  at  12°C.  That  is  —  x  10~2  gm 

3 

of  water/gm  of  air.  Converting  this  to  droplets  and  assuming  the 

2  3 

beam  is  1  cm  in  cross-section,  one  obtains  3  x  10  particles  per 

meter  of  path.  To  obtain  an  intensity  estimate,  one  must  integrate 

2 

the  scattered  light  over  the  whole  path  with  its  usual  1/R 

dependence.  This  intensity  illuminates  the  whole  eye.  To 

obtain  the  intensity  at  the  retina,  one  must  find  the  contribution 

from  the  volume  that  contributes  to  the  most  intense  diffraction 

limited  spot  (roughly  ISRdi ameter) .  The  calculation  is  simple 

as  long  as  one  is  far  enough  away  from  the  beam  so  that  the  eye 

subtends  a  very  small  solid  angle  from  the  particle  (with,  say, 

5°  off-axis  limit,  this  restriction  will  always  be  met.) 

The  whole  aye  is  subjected  to  an  intensity  I_  =  -9  • 

e  d 

2 

watts/cm  where  d  is  the  lateral  separation  between  the  observer 
and  the  beam  in  meters.  Visible  light  will  be  focused  and  thus 
intensified.  If  one  assumes  that  light  from  the  nearest  just 


resolvable  volume  produces  the  brightest  spot,  one  has 


^s  pot  "  le 


x  area  of_p  upil  ar2  00  Ig.  (-AS.)  is  the 
area  of  spot  9 
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General  methods  of  approach  (continued) 

percentage  of  the  incident  intensity  that  is  focused  into  the 

diffraction  limited  spot  and  the  area  ratio  gives  the  optical  gain 
of  the  eye .) 

A  plot  of  Ie  versus  d  is  given  as  Figure  8.  This  plot, 
of  course,  corresponds  to  the  given  set  of  conditions  which  were 
rather  artificial .  However,  several  very  interesting  factors  should 
be  discussed.  First,  the  density  of  particles  under  discussion 
corresponds  to  a  moderate  fog  with  an  attenuation  factor  of 
20  nepers/km.  For  comparison,  clean  air  at  sea  level  has  an 
of  0.02/km  and  moderate  haze  would  be  about  3/km.  Fogs 
run  as  high  as  200/km. 

Second,  the  result  is  independent  of  the  beam  cross- 
section  (within  the  limits  of  subtending  no  more  than  5C  at  the 
eye).  This  follows  from  the  fact  that  doubling  the  cross-section 
halves  the  power  density  but  doubles  the  number  of  scatterers  . 

Third,  the  result  is  linearly  dependent  on  the  radiated 
power.  Finally,  the  result  of  increasing  the  wavelength  is  to 
decrea se  the  scattered  intensity  (in  accordance  with  Figure  T)  . 
Note  also  that  it  is  Qs  that  is  small  for  the  10^,  radiation .  Ca 
and  thus  Qat-  is  large  so  the  20 ^  particles  will  attenuate  iC-ji. 
radiation  much  more  strongly  than  they  will  scatter  it.  For 


this  example  of  a  2  0  jCmonodispersion ,  the  difference  is  a 


General  methods  of  approach  (continued) 

factor  of  190  between  the  ruby  laser  and  the  CC>2  laser.  Finally, 
it  should  be  noted  that  the  assumed  power  -  1  lew  -  is  not  un¬ 
realistic  for  high  power  CW  transmission  in  the  present  or  near 
future.  However,  for  pulsed  operation  peak  powers  in  excess  of 

+  7 

10  watts  are  routinely  generated  in  radar  applications.  To 

obtain  a  better  measure  of  hazard  in  that  case,  a  value  of  10  joules 

transmitted  per  pulse  (or  per  eye  integration  time)  is  a  reasonable 

boundary.  Assuming  a  pulse  of  10 seconds  gives  a  power  of 

2 

10+7  watts.  Thus,  I.  =  —  kw/cm  and  I  -LJL 

e  d  spot  d 

megawatts/cm  .  Integrating  for  the  pulse  duration  gives  energy 


densities  of  U-  =  — iMi-  joules/cm2  and  U__„, 
o  d  spot 


joules/cm2 , 
d 


respectively,  (where  d  is  in  meters) . 

It  should  be  reiterated  that  the  numbers  given  in  the 
above  example  are  very  rough  estimates  based  on  a  rather 
artificial  example.  These  numbers  indicate  that  a  substantial 
hazard  exists  for  an  observer  standing  within  several  meters  of 
a  powerful  laser  radar  beam  at  visible  wavelengths  in  a  moderate 
fog.  If  the  weather  was  described  as  a  "light  fog"  (•*=  2  km  V 
the  danger  zone  would  be  reduced  to  well  within  a  meter  or 
two  of  the  beam.  It  is  more  difficult  to  draw  so  sharp  a  boundary 
for  the  CW  case.  If  one  assumes  the  eye  would  blink  in  a  time 
of  the  order  of  10  '  seconds,  the  critical  distance  for  the  1  kw 
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General  methods  of  approach  (continued) 

laser  at  the  same  visible  wavelength  is  about  the  same  as  for 

the  10  joule  pulse.  On  the  other  hand,  to  achieve  a  particular 

2 

safety  limit — say  an  intensity  of  less  than  10  watts/cm  on  the 
retina  spot — one  should  not  come  within  about  10  meters  of 
the  beam,  as  an  initial  very  rough  estimate.  Such  a  conclusion 
has  obvious  bearing  on  the  appropriate  ground  clearance  for 
high  power  laser  transmitters.  Further  study  of  this  problem 
is  required . 

The  Problem  of  Snow 

Scattering  from  snow  flakes  is  a  subject  almost  more 
appropriate  to  "  semi -diffuse  reflectance"  than  atmospheric 
scattering.  A  typical  snowflake  would  intercept  a  substantial 
portion  of  a  1  cm  beam.  A  priori,  one  would  guess  that  randomly 
tumbling  snow  flakes  would  attenuate  a  laser  beam's  energy 
very  rapidly.  One  might  also  expect  to  find  large  scintillations 
in  the  intensity  observed  at  any  angle.  If  the  beam  were  rapidly 
attenuated,  the  random  angle  scattering  near  the  transmitter 
would  pose  the  principal  threat. 

Data  on  beam  attenuation  and  average  beam  width  for  a 
laser  beam  propagating  in  snowy  weather  have  been  published 
by  Hogg  (13)  .  His  data  are  reproduced  in  Figure  9  .  It  is 
important  to  note  that  the  curves  have  been  normalized  to  0  db 
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General  methods  of  approach  (continued) 

at  the  center  of  the  beam.  The  attenuation  at  the  center  is  given 
on  the  individual  curves.  Hogg's  data  did  not  include  metero- 
logical  data  so  that  it  is  difficult  to  say  more  than  "heavy  snow 
gives  high  attenuation.” 

Figure  10,  derived  from  Hogg's  data,  shows  that  beam 
broadening  increases  much  more  slowly  than  beam  attenuation. 
Two  conclusions  may  be  drawn  from  Figure  10:  First,  forward 
scattering  is  not  dominant  in  snow.  Second,  there  is  no  new 
hazard  for  near  0°  observers  as  there  is  for  the  case  of  light 
fog  or  rain . 

On  the  question  of  large  scintillation  at  large  angles, 
no  data  are  available.  However,  since  snow  does  not  absorb 
visible  light,  and  the  beam  attenuation  is  high,  it  follows  that 
scattering  is  the  principal  effect.  For  ICLuradiation ,  the 
albedo  may  be  substantially  less  than  1.  From  the  shape  of 
a  snow  flake ,  it  would  seem  probable  that  at  each  instant  of 
time  the  beam  would  be  strongly  deflected  in  some  particular 
direction  or  directions  with  little  or  no  fields  at  other  angles. 
Since  such  behavior  would  constitute  a  substantial  and  rather 
unpredictable  hazard,  an  experimental  investigation  of  large 
angle,  visible  and  infrared  scattering  in  snow  should  be  under¬ 
taken. 
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Figure  ba 

Scattered  intensity  as  a  function  of  scattering  angle 
for  n^  *  1.33  and  x  *  2ra/\  *  1* 
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Figure  6b 

Scattered  intensity  as  a  function  of  scattering  angle  for 
n^  ■  1.33  and  x  -  2na/X  ■  8. 
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Figure  6c 

Angular  intensity  of  light  scattered  by  a 
spherical  particle  for  m  »  1.33  and  a  -  40. 
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FIGURE  9  Beam  broadening  due  Co  snow:  X  -0.63  ;  path  length,  2*6  km. 

Data  of  2/10  and  2/11/64.  Excess  attenuations  in  curves  1-5 
arc  3*5,  5*0,  13-6,  15*6  and  17*9  db/kn  respectively,  correspond¬ 
ing  to  increasingly  heavy  snowfalls.  The  attenuations  are 
measured  at  dead  reckoning,  that  is,  with  the  receiving  aperture 
on  the  maximum  of  the  beam  pattern.  (9—0) 

(by  D.C.  Hogg) 
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0.  Laser-Related  Conference  Organization  and  Planning;  Pertinent  to  Contract 

1.  8oston  Laser  Conference,  1963 

2.  Boston  Laser  Conference,  1964 

3.  Institute  of  Electrical  and  Electronics  Engineers  -  Member, 

NEREM  Program  Committee,  1965 

4.  Institute  of  Electrical  and  Electronics  Engineers  -  Member, 

NEREM  Program  Committee,  1966 

5.  American  Association  for  the  Advancement  of  Science  -  Session  Organizer 

and  Chairman  of  Session  on  Biological  Effects  of  Laser  Radiation, 
1966 

5.  Laser  Industry  Association  Convention,  October  24-26,  1968 

7.  Course  on  "Fundamentals  of  Laser  Radiation  Protection"  given  to 

personnel  of  U.S.  Department  of  Health,  Education  and  Welfare, 

1968 

8.  Member,  program  planning  committee  on  seminar  series  in  applications 

of  physical  chemical  techniques  in  Biology  and  Medicine,  EMB, 

IEEE,  Boston  Section,  1969 

9.  Laser  Industry  Association  Meeting  -  Los  Angeles,  California,  October 

20-22,  1969 

10.  Electro-Optical  System  Design  Conference,  September  22-24,  1970, 

New  York  Coliseum.  Planning  of  sessions,  session  organization 
and  chairman. 

11.  Major  participant  in  the  organization,  planning,  and  instruction  of 

personnel,  and  field  work  related  to  the  first  major  survey  on 
lasers  and  laser  devices  in  the  United  States  which  was  carried 
out  be  the  State  of  Massachusetts  and  Occupational  Health  and 
Radiological  Health,  H.E.W.,  1968. 
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